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Polyvanadic acid gels are made by polymerization of decavanadic acid. High-condensed species are obtained (M, =~ 2 X
10%), and electron microscopy shows that the gel is made of entangled fibers. ESR and light-scattering experiments suggest
that polyvanadic acid colloids are polydispersed coils rather than rods as previously mentioned. Some vanadium reduction
occurs during the polymerization process in water leading to a mixed-valence polymer. Layers can easily be deposited
from the gel on a glass substrate. They exhibit semiconducting properties arising from the hopping of unpaired electrons
between V(IV) and V(V) ions. The measured dc conductivity of these layers is surprisingly high (¢ =~ 0.6 @' cm™ at
300 K). The transfer integral J between vanadium sites has been evaluated from measurements of the optical and thermal
activation energies for hopping. A value of J = 0.05 eV is found, showing that polyvanadic acid gels belong to the mixed-valence
compound class II. ESR and visible-UV spectroscopy suggest the existence of hexacoordinated VO?* vanadyl ions in a
Cy, ligand field. A water molecule is presumably directly bound to the metal ion on the sixth position opposite to the V=0

double bond.

Introduction

Vanadium pentoxide gels have been known for a long
time.! They can be obtained by adding nitric acid to a
vanadate salt! or by pouring molten V,Q; into water.* Hy-
drolysis of vanadic esters also leads to colloidal solutions.’
Nevertheless, very few studies have actually been published
during the last decade. Most of them dealt with the optical
and hydrodynamic properties of vanadium pentoxide hydro-
sols.>” Donnet et al.’ have related the vanadium concentration
dependence of the optical absorption with the fixation of
colored ions at the surface of the colloid. Such ions were
supposed to be easily hydrolyzed into colorless ions. Vanadium
pentoxide sols have also been chosen as a model in order to
study the hydrodynamic behavior of rigid particle suspensions.
The effect of small quantities of OH™ or H;0" ions, together
with the aging of the sols, was followed by viscosity mea-
surements, but no suitable explanation was found,® presumably
because of the presence of foreign ions in the sol.

This paper deals with vanadium pentoxide gels obtained by
polymerization of vanadic acid.” Such a procedure yields pure
polyvanadic acid gels free of foreign ions such as Na* or NO;~.
The physicochemical properties of these gels will first be
presented in order to determine the chemical nature and the
polymeric structure of the macromolecular species.

Some reduction occurs during the polymerization process.
A class II mixed-valence compound is thus obtained, the
semiconducting properties of which arise from the hopping of
unpaired electrons between V(IV) and V(V) ions.!® ESR,
optical spectroscopy, and electrical conductivity measurements
are also presented in order to obtain information about va-
nadium coordination and electron delocalization in the poly-
vanadic acid gels.

Experimental Section

Polyvanadic acid solutions are prepared by ion exchange in a resin
(Dowex S0W-X2, 50100 mesh) from sodium metavanadate solutions.’?
The freshly prepared acid is yellow and decacondensed. High polymers
are spontaneously formed through an autocatalytic process. Colloidal
solutions become dark red, and their viscosity increases upon aging.
Gelation occurs for a vanadium concentration greater than 0.1 mol
L', No change is observed after 15 days, and all measurements have
been performed on such aged polyvanadic colloidal solutions or gels.

Vanadium titrations were carried out by atomic absorption mea-
surements in a nitrous oxide—acetylene flame, with a Perkin-Elmer
spectrophotometer (Model 392). V(V) and V(IV) ions were poten-
tiometrically titrated. V(V) ions were reduced by standardized Fe(II)
solutions in an acid medium (H,SO,, H;PO,). V(IV) ions were

* To whom correspondence should be addressed at the Spectrochimie du
Solide.

oxidized in a neutral medium by an excess of Fe(CN)¢*™ under a
nitrogen flow. The resulting Fe(II) ions were than titrated by a
standardized permanganate solution.

Molecular weight determination was made by light scattering and
ultracentrifugation. Light-scattering experiments were carried out
with monochromatic light (A = 546 nm) with a Fica photogonio-
diffusometer. The light scattered by the solution was compared with
the light scattered by benzene, the Rayleigh constant of which is
well-known. The solution was clarified by preparative centrifugation
(10* rpm during 1 h), vanadium concentration being measured af-
terwards. Ultracentrifuge measurements were carried out with a
Beckman Model E ultracentrifuge equipped with schlieren and U.V.
optics, and with a photoelectric scanner. The solvents used for the
runs were pure water or LINO; or HCI 10 mol L solutions. They
were slowly added and well stirred just before the runs. No flocculate
was then observed under such experimental conditions, and the results
do not seem to be affected by the nature of the added electrolyte.

Band centrifugations!! were carried out either in a 20% sucrose
1072 mol L™! LiNO, medium or in a 1.5 mol L™! trichloroacetic acid
medium. All the “S” values were converted into the same solvent
conditions (water 20 °C).!2 These corrected values do not depend
on the solvent used. Distribution curves for sedimentation coefficients
were extrapolated to infinite centrifugation time, all corrections for
the changes in boundary shape caused by the cell and centrifugation
conditions having been previously made.!

ESR experiments were performed on a JEOL ME 3X X-band
spectrometer. Low- and high-temperature measurements were ob-
tained by blowing nitrogen gas through the cavity. The magnetic field
was measured with a proton probe NMR gauss meter. The microwave
frequency was measured with a wavemeter giving an accuracy of %1
MHz.

Electronic spectra were performed on a Beckman MIV spectro-
photometer modified in order to have a monochromatic incident light
over the whole frequency range ((5 X 10)~(5 x 107%) cm™)).
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Figure 1. Molar absorption coefficient ¢ (related to one V) of poly-
vanadic acid as a function of vanadium concentration: (a) A = 268
nm; (b) A = 380 nm.

Electrical conductivity measurements have been performed on thin
layers deposited from polyvanadic acid gels. Chemical analysis of
this gel indicates that it is 0.5 M in vanadium and the ratio C =
[VAWVI/([VIV)] + [V(V)]) = 0.01. Once deposited, the layer is
left at room temperature. The water adsorbed at the surface of the
gel readily evaporates, and a rather hard and homogeneous coating
is obtained after a few hours. The thickness of these layers was
measured by optical observation of interference fringes. Gold elec-
trodes were evaporated in a coplanar geometry on the surface of the
layer. External connections were made with Ag-loaded epoxy resin
(H20E Epotek). Resistance measurements were carried out by means
of a 225 Keithley current source and a 616 Keithley electrometer.
The sample was located in a cryostat through which temperature-
controlled nitrogen gas circulates.

Results

(a) Polymerization Process. Polymerization of a vanadic
acid solution spontaneously occurs upon aging. It has already
been shown that it follows an autocatalytic condensation
process involving two kinds of chemical species: decavanadic
acid and high polymers.!4 ESR experiments show that some
V(IV) ions are formed during the polymerization process.
Such a reduction of V(V) is due to an oxidation of both the
organic ion exchanger and the water. Using an inorganic ion
exchanger such as $-antimonic acid'’ decreases the amount
of V(V) ions and increases the polymerization rate. On the
other hand, polymerization can be enhanced by adding V(IV)
ions (as VOSQO, up to 0.02 mol/vanadium) to the freshly
prepared vanadic acid.

Molar absorbance (related to one V) in the charge-transfer
region depends on the vanadium concentration. Three different
concentration ranges can be seen in Figure 1 depending on
whether the vanadium concentration is smaller than 1073 mol
L, larger than 6 X 107 mol/L™, or included between these
two values. Such a dependence of molar absorbance vs. va-
nadium concentration indicates that some equilibrium occurs
between different chemical species, the ratio of which depends
on the total vanadium concentration. Aged polyvanadic acid
solutions ([V] =~ 0.1 mol L) contain a large amount of highly
condensed species that can be related to the number of H*
ions neutralized during a rapid protometric titration at pH 10.
These high polymers can be isolated by preparative ultracon-
figuration.” Figure 2 shows that the ratio of high polymers
decreases when the vanadium concentration decreases. The
molar absorbance increase above [V] =~ 6 X 10~ mol L can
then be related to the presence of highly condensed species,
which will be called “associated species”. No high polymer
is observed when the vanadium concentration is smaller than
1072 mol L! (Figure 1) so the question arises whether the

(14) J. Lemerle, L. Néjem, and J. Lefebvre, J. Inorg. Nucl. Chem., 42, 17
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Figure 2. Relative abundance (expressed as % V) of associated species
(pelleted by preparative centrifugation) as a function of vanadium
concentration.
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Figure 3. Relative abundance (expressed as % V) of different species
in polyvanadic acid solutions as a function of vanadium concentration:
(a) decavanadic species; (b) polymeric species; (c) associated species.

vanadic acid is already condensed when no pellet can be ob-
tained by preparative ultracentrifugation (12 X 10? rpm during
1 h)?

We observed that a polyvanadic acid solution ([V] < 1072
mol L) does not completely pass through a Pellicon PSAC
membrane (NMWL = 1000) while under the same experi-
mental conditions a decavanadate solution (molecular weight
M, =~ 1000) would completely pass through the membrane.
It is then obvious that some condensed species (M, > 10%)
already exist in vanadic acid solutions even when no associated
species are observed. We shall call these “polymeric species”.
Their abundance increases with the vanadium concentration
as shown in Figure 3. The chemical species that are not
stopped by the membrane have been characterized by their
optical spectrum and their molecular weight, M, = 970.
Decavanadic acid together with polymeric and associated
species can be found simultaneously in aged polyvanadic acid
solutions. The relative amount of each species depends on the
vanadium concentration (Figure 3). Decavanadic acid pre-
dominates below 107> mol L™, associated species predominate
above 2 X 1072 mol L™, and polymeric species predominate
between these two concentrations.

The molecular parameters of the “polymeric” and
“associated” species have been determined by light-scattering
and analytical ultracentrifuge experiments. Light scattering
was performed on polyvanadic acid solutions containing less
than 1072 mol L! of vanadium, in a concentration range where
the absorbance of the solution can be neglected. The deca-
vanadic acid concentration is then approximately constant (6
X 107 mol L™!) so that the solvent can be considered as a
decavanadate solution. The excess of light scattered by the
polymeric species has been calculated and is represented as
a Zimm plot' in Figure 4. The extrapolated value of the
excess of scattered light (C — 0, 8 — 0) leads to a weight
average molecular weight of 1.6 X 10% No “associated
species” can exist in the concentration range studied here, so

(16) B. H. Zimm, J. Phys. Chem., 16, 260 (1948).
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Figure 4. Zimm plot' for dilute polyvanadic acid solutions; C =
vanadium concentration {polymeric species only), / = intensity of the
light scattered by the sol at an angle 8, and I, = intensity of the light
scaitered by the solvent at the same angle . Four vanadium con-
centrations have been studied, corresponding respectively to polymer
concentrations [V] = 6.25 X 1074, 4.85 X 1074, 3.5 %X 107, and 2 X
107 mol L™\, The fifth curve, corresponding to C = 0, was obtained
by extrapolation of the preceding measurements.
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Figure 5. Distribution of apparent sedimentation coefficient S of
high-condensed species (polymeric and associated species) of poly-
vanadic acid ([V] = 5 X 102 mol L™). |% V5~ % Vs, | is the relative
abundance (expressed in percent) of vanadium in the condensed species
having a sedimentation coefficient in the S, — S, range.

the molecular weights measured in these experiments corre-
spond to “polymeric species” only.

Analytical ultracentrifuge experiments have been performed
in the concentration range where associated species are also
observed (1072 mol L' < [V] < 0.1 mol L™"). Conventional
centrifugation exhibits two peaks sedimenting with a great
velocity. The resolution of these peaks increases when the
vanadium concentration decreases. The fast component ap-
pears to be less homogeneous than the slow one as can be seen
on the apparent sedimentation distribution curve (Figure 5).
The smaller sedimentation velocity is attributed to the
“polymeric species” while the larger one is related to the
“associated species”. Variation of the apparent sedimentation
coefficient vs. vanadium concentration is plotted in Figure 6.
S values obtained by band centrifugation are close to those
deduced from conventional ultracentrifugation. A single
sedimentation peak is observed for vanadium concentrations
up to 107 mol L. Tt can be attributed to polymeric species
only and is in good agreement with the results of ultrafiltration.

Polyvanadic acid solutions exhibit a Newtonian behavior
when the vanadium concentration remains quite small ([V]
< 102 mol L™!). Their intrinsic viscosity is referred to as the
polymer viscosity (the excess of viscosity due to the deca-
vanadic species is neglected) and corresponds to 145 mL g™
(Figure 7) at room temperature (20 °C). These solutions
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Figure 6. Changes in apparent sedimentation coefficient S vs. va-
nadium concentration for (a) the polymeric species and (b) the as-
sociated species.
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Figure 7. Changes in reduced viscosity #/C of dilute polyvanadic acid
solutions vs. vanadium concentration.
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Figure 8. Electron micrograph of polyvanadic acid ge! showing the
polymeric texture of the condensed species.

become psendoplastic when the vanadium concentration be-
comes larger than 10-2 mol L1, Above 0.2 mol L™, they
exhibit a yield point that increases with the vanadium con-
centration.

Electron micrographs of polyvanadic acid solutions ([V] =
1072 mol L™!) were taken with a JEOL Jem 100C apparatus.
A drop of the colloidal sélution was deposited onto a 200-mesh
copper grill, dried in air, and then observed under the electron
microscope. These experiments show (Figure 8) that the gel
is made of entangled fibers, about 1 x long and 100 A in
diameter.

(b) Electron Spin Resonance. The ESR spectra of a poly-
vanadic acid gel ([V] = 0.1 mol L™!) are shown in Figure 9.
At room temperature, it exhibits eight lines due to the hy-
perfine coupling of one unpaired electron (§ = !/,) with the
nuclear spin ( = !/,) of one 3'V. It can then be described
with the usual isotropic spin Hamiltonian

Hiso = BiBHS + ASI

An intensity distribution is observed among these hyperfine
lines. Their width appears to depend on the corresponding
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Figure 9. ESR spectra of a polyvanadic acid gel at (a) 77 K and (b)
300 K.

nuclear spin quantum number. Such a behavior is typical of
a fast tumbling motion of the molecular species under study.!”

Due to this molecular motion, the isotropic ESR parameters
vary slightly with temperature.!®* They were determined by
a computer simulation taking into account second-order per-
turbation terms. The best fit between simulated and exper-
imental spectra gives g, = 1.954 and 4, = 115 G. A
well-resolved frozen-solution ESR spectrum is observed at low
temperature. Both paraliel and perpendicular features can
be seen on the spectrum showing that V(IV) ions are in an
axially distorted ligand field. Such a spectrum can be de-
scribed by the spin Hamiltonian

7{ = gllBHzSz + gJ_B(HxSx +H)Sy) + AlrSzIz +
AJ.(SxIx + Syly)

where z is taken along the main axis of g and A tensors. A
computer simulation was again necessary in order to get ac-

(17) R. Wilson and D. Kivelson, J. Chem. Phys., 44, 154 (1966).
(18) P. Tougne, A. P. Legrand, C. Sanchez, and J. Livage, J. Phys. Chem.
Solids, 42, 101 (1981).
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Table . ESR Parameters of V4*

compd gl g1 ApG A4,G ref
polyvanadic acid 1.935 1.981 -200 -~75 thiswork
VO?** (H,0), 1931 1978 =205 -76 19

V,0,, single cryst 1.913 1.985 -176 -66 30

Table II. Electronic Transitions in Polyvanadic Acid Gels

¥, em™! assignt €?
52000 charge transfer 8500
37300 charge transfer 8250
26 200 charge transfer 5000
15500 b, —a, 21
14 200 b, = b, 18
12800 b,—e 17
7100 intervalence 69
6 600 charge transfer 72

9 ¢ is referred to the total vanadium concentration. These val-
ues of ¢ are calculated for a sol having a vanadium concentration
of 0.1 mol L™t and a [V(IV)]/([V(AV)] + [V(V)]) ratio of 0.14.

1400 1500
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"0
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Figure 10. Electronic spectrum of a polyvanadic acid solution. ¢ is
referred to total vanadium concentration. In this solution [V-
IN)]/IV(V)] = 0.14.

curate values of the ESR parameters. These values are re-
ported in Table 1.

(c) Electronic Spectra. Colloidal solutions of polyvanadic
acid have an orange color when freshly prepared. Their
electronic spectra only exhibit a shoulder around 38 000 cm™.
The color then gradually turns to red upon aging while the
solution becomes more and more viscous. A dark red gel is
finally obtained, the optical spectrum of which is shown in
Figure 10. Several absorption bands are observed. Their
positions are reported in Table II together with the corre-
sponding molar absorption coefficients (expressed vs. total
vanadium concentration). All the positions of the transitions
are independent of the V(IV) ratio in the gel. The two bands
on the red side of the spectrum (6600 and 7100 cm™) can
presumably be attributed to intervalence transfers between
V(1V) and V(V) ions. Their molar absorption coefficients
linearly increase up to 100 for a [V(IV)]/[V(V)] ratio of 0.25
and then decreases below this value.

As already reported for vanadyl ions in aqueous solutions,
the weak transitions in the 12000-16 000 cm™! region should
correspond to forbidden d—d transitions.!*?! Their intensity

(19) C.J. Balthausen and H. B. Gray, Inorg. Chem., 1, 111 (1962).
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Figure 11. Plot of the absorption of polyvanadic acid in the
charge-transfer region (5 = 26200 cm™) vs. V(IV) concentration
(curve a) or V(V) concentration (curve b) (length of the cell 2 X 107
cm).

(related to the total Vanadium concentration) strongly depends
on the amounts of V(IV) ions in the gel. They disappear when
the polyvanadic acid is oxidized by hydrogen peroxide in an
acidic medium. The apparent total intensity of these tran-
sitions is more important than the expected intensity for V(IV)
ions in aqueous solutions. These bands actually appear on the
red side of the intense transition located around 26 000 cm™!
(described as a charge-transfer band). If we measure the
difference between two gels of different known V(IV) con-
centrations, the molar absorption coefficient calculated is then
close to that of V(IV) in aqueous solutions (¢ ~7).

The very intense absorption in the UV region can be at-
tributed to symmetry-allowed charge-transfer transitions of
an electron from the oxygen = orbitals to the ligand field
vanadium d levels. The intensity of the most energetic tran-
sition (52000 cm™) depends on the amount of V(IV) ions in
the gel and could be related to charge-transfer transition to
V(IV) levels.

Some controversy remains about the optical absorption of
vanadyl solutions around 26 000 cm™. Ballhausen and Gray
suggest a d—d transition!® while Selbin et al. claim that it
should rather correspond to a charge transfer between oxygen
and V(IV).2%2! In the case of polyvanadic acid gels, our own
experiments suggest that the optical absorption at 26 200 cm™
arises from charge transfer between oxygen and V(V) ions.
Its intensity varies linearly with the V(V) concentration in the
same way as the 37 300-cm™' transition, which can unam-
biguously be attributed to charge transfer (Figure 11). On
the other hand, the three d—d bands between 12000 and 16 000
cm™! are related to the V(IV) concentration and disappear
when the gel is oxidized by H,0, while the 26 200-cm™!
transition does not vary noticeably.

(d) Electrical Conductivity Measurements. Colloidal poly-
vanadic acid solutions can be deposited as thin layers on a glass
substrate.!0 Electrical conductivity measurements have been
performed on these layers. They exhibit semiconducting
properties due to the thermally activated hopping of unpaired
electrons between V(IV) and V(V) ions. Figure 12 shows the
temperature dependence of conductivity from room temper-
ature down to 100 K. The measured conductivity at 300 K
is 0 = 0.6 @' cm™, a very high value indeed when compared
with known data for V,O; crystals (¢ >~ 1072 Q"1 ¢cm™)22:23
or amorphous V,Os thin films (1074-10° 2! cm™).2* On the

(20) J. Selbin, T. R. Ortolano, and F. J. Smith, Inorg. Chem., 2, 1315 (1963).

(21) T.R. Ortolano, J. Selbin, and S. P. McGlynn, J. Chem. Phys., 41, 262
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(1973).

(24) F. P. Koffyberg and F. A. Benko, Philos. Mag. B, 38, 357 (1978).
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Figure 12. Temperature dependence of the dc conductivity of thin
layers deposited from polyvanadic acid gels.

other hand, these results agree with those previously reported
for other vanadium pentoxide gels obtained by pouring molten
V,Oq into water (¢ ~ 1 @' cm™).!% Their conductivity was
slightly larger, but the [V(IV)]/[V(V)] ratio was also higher
(6%) than that in our polyvanadic acid gels (1%). dc con-
ductivity quickly decreases when the temperature decreases,
and a nonlinear plot of in (¢7) vs. T} is obtained. Such a
behavior is typical of amorphous transition-metal oxides.?’

Discussion

(a) Vanadium Coordination. V(V) ions are considered to
be somewhat large for tetrahedral coordination to oxygen and
somewhat small for octahedral coordination. The possibility
of very irregular structures therefore arises. Anhydrous me-
tavanadates are made of VO, tetrahedra while hydrated ones
exhibit infinite chains of VOs polyhedra.® Decavanadate ions,
V100255, are made of ten VO, octahedra.?’ Vanadium ions
in orthorhombic V,0s crystals are surrounded by five oxy-
gens.® The question therefore arises about vanadium coor-
dination in the colloidal polyvanadic acid.

These compounds lose their water when heated above 300
°C, leading to crystalline orthorhombic V,04.%° This suggests
that some correlation may exist between vanadium coordi-
nation in both compounds. On the other hand, it seems
worthwhile to notice that the ESR parameters measured on
the gels are quite different from those reported for crystalline
or amorphous V,05’%2 (Table I). This suggests that V(IV)
ions in the gel are surrounded by six oxygen ions rather than

(25) I. G. Austin and N. F. Mott, Adv. Phys., 18, 41 (1969).

(26) H. T. Bvans, Z. Kristallogr., Kristallgeom., Kristallphys., Kristall-
chem., 114, 257 (1960).
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(31) A.Kahn, J. Livage, and R. Collongues, Phys. Status Solidi A, 26, 175
(1974).
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Figure 13. V(IV) coordination in polyvanadic acid gels and d-orbital
splitting in a C,, ligand field according to ref 19.

five. They must be strongly solvated by water molecules. Our
ESR experiments indicate that V(IV) lies in an axially dis-
torted ligand field. The measured g and A4 values being quite
similar to those reported by Gray and Ballhausen for VO**
(H,0);,'® we may assume that vanadium is surrounded by six
oxygen ions with a short V==0 double bond. It seems rea-
sonable to suggest that the sixth coordination site, opposite
to the vanadyl group, might be occupied by a water molecule.
This H,O molecule would then be liberated upon heating,
leaving a five-coordinated vanadium as in crystalline V,Os.

Taking this picture as a reasonable model, we then assume
that V(IV) ions are surrounded by a C,, ligand field as shown
in Figure 13. The g values indicate that the unpaired electron
lies in a orbitally nondegenerated b, (d,,) orbital as in VO?*
(H,0);. We may then use the MO calculations of Ballhausen
and Gray'® in order to extract the ligand field parameters. The
three d—d transitions correspond to

2E «- 2B, 12800 cm™ E = -3Ds+ 5Dt

2B, « 2B, 14200 cm™ E = 10Dg

2A; < 2B, 15500 cm™!
This leads to
Dg = 1420 cm™! Ds = -2014 cm™
Dt = 1351 cm™!

Dq corresponds to the cubic crystal field component while
Ds and Dt specify the degree of tetragonal distortion of the
ligand field.!®

The ground-state wave function of the unpaired electron can
be expressed as

by = ald,,) + a’|gb,)

E = 10Dg - 4Ds — SDt

where |¢b,) represents the ligand orbital combination having
the B, symmetry.

The hyperfine parameters corresponding to a d,, unpaired
electron in a C,, ligand field can be approximately expressed
as

Ay = Pl-pa - K+ (g - 8) + /(gL - g)]
A, = P[%ha’- K+ Vg, - g)]

where g, = 2.0023 is the free-electron g factor, K is the iso-
tropic Fermi contact term, and P = g.g,8.8,(r"3). P depends
on the effective charge carried by the vanadium ion. P =
0.0128 ¢m™! corresponding to the vanadyl ion is usually taken
for such compounds, leading to a> = 0.53. Optical absorption
and ESR experiments show that the polyvanadic acid gel can
be considered as a class II mixed-valence compound according
to the classification proposed by Robin and Day.3
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(b) Electron Delocalization. Electron transfer between
metallic ions in different oxidation states is usually observed
in class II mixed-valence compounds. It occurs through a
hopping process, which may be either optically or thermally
activated, According to Hush* and Mott,?* a relationship can
be found between the optical E,, and thermal Ey, activation
energies:

1/4Eopt = Eth + |J| - Jz/Eopt

where J represents the transfer integral between both metallic
ions.

The optical activation energy can be deduced from electronic
spectra of mixed-valence compounds where low-energy in-
tervalence bands are observed. In our compounds, these bands
result from transitions within a ground vibronic manifold
arising from the coupling between V(IV) and V(V) ions. They
occur at 6600 and 7100 cm™, in the red part of the spectrum
(Table I), leading to the optical activation energy

Eyy = 087 ¢V

The thermal activation energy is usually more difficult to
measure. A thermally activated hopping could lead to a
broadening of the ESR line width with temperature. Such
a broadening is not observed in our ESR spectra in the tem-
perature range 4-200 K, showing that the hopping frequency
remains smaller than the linewidth AH expressed in frequency
units:

v, < AH = 60 MHz

Above 200 K, the fibers forming the gel undergo a Brownian
motion, which leads to a modification of the shape and line
width of the ESR spectrum. An analysis of the electron
hopping becomes therefore impossible, but anyway, up to 400
K, no broadening due to electron mobility seems to occur.

The dc conductivity measurements made on thin layers
deposited from polyvanadic acid solutions could on the other
hand give more information about the thermally activated
hopping process. As seen in Figure 12 a curved plot of In (67)
vs. T! is obtained. Such a behavior is encountered in all
amorphous V,Os thin films?*3 or V,0s-containing glasses.
So far, most experimental data have been interpreted in terms
of the small-polaron theory. According to Mott?* the con-
ductivity is then given by

o = [v,e?c(l - ¢) /kTR] exp(—2aR) exp(-Ey,/kT)

where v, is a phonon frequency, « the rate of the wave function
decay, and R the average hopping distance. ¢ and k have their
usual meanings, and C corresponds to the [V(IV)]/[V(V)]
ratio. In our case C = 0.01. The thermal activation energy
can be extracted from the high-temperature-range data, where
the In (¢7) vs. T™! plot may be approximated by a straight
line (300180 K). This gives

Ey =017 £ 0.01 eV

Below 180 K, the theory predicts that E,;, drops continuously
down to !/,W,, where W, represents the disorder energy due
to the random structure of the medium.?* We shall not give
here a detailed analysis of the dc conductivity measurements
but only compare the room-temperature thermal activation

(33) M. B. Robin and P. Day, Adv. Inorg. Chem. Radiochem., 10, 247
(1967).

(34) N.S. Hush, Prog. Inorg. Chem., 8, 391 (1967).

(35) T. Allersma, R. Hakim, T. N. Kennedy, and J. D. Mackenzie, J. Chem.
Phys., 46, 154 (1967).

(36) L.Murawski, C. H. Chung, and J. D, Mackenzie, J. Non-Cryst. Solids,
32, 91 (1979).
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Figure 14. Correlation time 7, of the Brownian motion of polyvanadic
acid fibers vs. temperature 7.

energy Ey, = 0.17 eV to the optical activation energy E,, =
0.87 eV in order to evaluate the transfer integral

J =0.05¢eV >~ 400 cm™

(c) Brownian Motion of the Polymer. An intensity distri-
bution is observed among the eight hyperfine lines of the
room-temperature ESR spectrum of a polyvanadic acid gel
(Figure 9). The line width depends on the nuclear spin
quantum number. This is typical of a fast-tumbling motion
of V(IV) ions, which can be analyzed according to Kivelson’s
theory.!” In the fast-tumbling limit the line width AH of each
hyperfine line can be expressed as a function of the nuclear
spin quantum number M:

AH(M) = a + BM + vM? + sM>

The four coefficients «, 3, v, and & depend on the magnetic
ESR tensors g and A, the microwave frequency w, and two
temperature-dependent quantities, namely, the residual line
width a;, and the correlation time of the motion 7.

The static parameters g and A4 can be deduced from the
frozen-solution spectrum (Table I). The microwave frequency
is measured with a wavemeter. The dynamic parameters e,
and 7, can be calculated by minimization of the expression

F= %[AHexptl(M) - AI{th(Al)]2

where AH,,u(M) is the experimental width of the Lorentzian
hyperfine line corresponding to the nuclear quantum number
M. This line width can be determined by measuring accurately
the width of the most intense line (M = —3/,). The relative
widths of the other lines are then deduced by comparing their
intensities. AH (M) is the theoretical line width calculated
with a given value of e, and 7., Minimization is performed
over these two temperature-dependent parameters. ESR
spectra were analyzed over a temperature range where mo-
lecular motion corresponds to the fast-tumbling case, i.e., from
20 up to 100 °C. A variation of a, and 7, with temperature
can then be established.

In this temperature range, o, increases from 8.7 G at 20
°C up to 16.7 G at 100 °C while 7 decreases from 1.2 X 10710
s down to 7 X 10! s. These values of 7, are about 1 order
of magnitude larger, than those previously reported for VO-
(H,0)s* in water solutions,*! suggesting that V(IV) ions are
linked to relatively large molecular species. It is too fast
anyway to be attributed to the motion of the polymer as a
whole. It must correspond to local motions around a chemical
bond as observed with organic polymers.37-

(37) M. C. Lang, C. Noel, and A. P. Legrand, J. Polym. Sci., 18, 1329
(1977).

(38) H. Homel, L. Facchini, A. P. Legrand, and J. Lecourtier, Eur. Polymn.
J., 14, 803 (1978).
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Figure 15. Correlation time 7. of the Brownian motion of polyvanadic
acid fibers vs. the water viscosity ».

The temperature dependence of the correlation time 7. can
be fitted with an exponential relationship (Figure 14):

7. = 19 eXp(=E/kT)

The activation energy E of the V(IV) motion c¢an then be
deduced from the slope of the curve:

E = 1.7 kcal mol™ 7, = 10723

These values agree with those previously found in the literature
for molecular reorientations around a C—C bond in organic
polymers.373

The V(IV) spin-label motion can also be correlated to the
viscosity 5 of the water in which the colloidal polyvanadic acid
is dispersed. A linear dependence of 7. with /T is obtained
(Figure 15) according to

ry

T, = 47rm + 7,

T is the absolute temperature and r the equivalent hard-sphere
radius associated with the V(IV) motion. A value of r = 4.2
A can be deduced from the slope of the curve. This radius
is slightly larger than the shortest V-V distance in ortho-
rhombic V,0; (3.2 A), showing that the fibers undergo only
local motions. The Debye equation used here is of course only
valid for isotropically tumbling large spherical molecules.
Strictly speaking, it should not be used for local motions in
polymeric species. Nevertheless, it gives an estimation of the
free volume in which the V(IV) ion is moving and is often used
by polymer chemists.3738

These ESR results about V(IV) motion can be correlated
to those obtained by light-scattering experiments showing that
the polyvanadic acid colloids are polydispersed coils rather than
rods. The unusual shape of the Zimm plot (Figure 4) relative
to the polymeric species in solution can be discussed in terms
of electrostatic interactions. The curve C/I;.o = f(c) has a
slightly negative slope related to a solvent—segment interaction
slightly weaker than a segment—segment interaction. Under
these conditions, the particle is coiled when the polymer
concentration increases and the dissymmetry ratio of scattered
light decreases. If an indifferent electrolyte is added to the
solution, the segment—-segment interaction can be weakened
and the angular distribution of the light scattered does not
depend on the polymer concentration. In our case, we have
considered decavanadic species in equilibrium with polymeric
species as the solvent. The decavanadic acid is only slightly
dissociated, and this is not sufficient to balance efficiently the
charge effect. If LiNO, is added to the polyvanadic solutions
(only small amounts can be added without flocculation), the
dissymmetry ratio is enhanced for the upper concentration,
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Table III.  Angular Distribution of Scattered Light

P(6)- P(6)- P(6)- P(9)-
g,deg (exptl) (calcd)® 4, deg (exptl) (calcd)®

30 0.455 0.456 105 0.083 0.082
37.5 0.357 0.355 120 0.070 0.069

45 0.278 0.278 135 0.063 0.061
60 0.186 0.185 142.5 0.058 0.057
75 0.131 0.131 150 0.057 0.056
90 0.102 0.102

@ Coils, (F*)? =475 nm.

but the extrapolated value of C.o/I3. and extrapolated
angular distribution of the light scattered are not modified.
So, we can consider that the extrapolated values used for
calculations are significant. The angular distribution of the
light scattered fits with coil-shaped particles ((F2)'/2 = 475
nm) (Table III), in good agreement with the Brownian motion
results. The molecular weight of the nonassociated species
can also be calculated from the ultracentrifugation data, with
use of the relationship available for flexible linear particles®

oy AN \¥? s 32[q)1?
®1/3p 10(1 - Pp)¥/?

where n = solvent viscosity, N = Avogadro’s constant, s, =
sedimentation velocity for infinite dilution, [#] = intrinsic
viscosity of the solute, ¥ = specific volume of the solute, and
p = density of the solvent. ®'/3P! is taken to be equal to 2.5
X 106, This term was originally evaluated for polymers that

(39) L. Mandelkern and P. J. Flory, J. Chem. Phys., 20, 212 (1952).

are homogeneous with regard to the molecular weight. Va-
lidity of this treatment was tested for many systems by
Mandelkern.®* The average molecular weight of the polymeric
species is found to be equal to 2.35 X 10, a value close to that
determined by light-scattering experiments. The increase of
the apparent sedimentation velocity with increasing concen-
trations for high dilutions can be discussed in terms of equi-
librium displacement. When the concentration increases, the
polymerization equilibrium is shifted toward the polymeric
species and the average molecular weight increases, leading
to an enhanced sedimentation velocity. For high concentra-
tions, the equilibrium is shifted toward the polymeric species
and the sedimentation is governed by the hydrodynamic effect.

These conclusions showing that polyvanadic acid colloids
are polydispersed coils do not agree with some previous studies
considering that colloidal vanadium pentoxide particles were
rod shaped.*” Such a rod-shaped model was taken in order
to interpret the hydrodynamic properties of colloidal solutions,
but it already did not agree very well with streaming bire-
fringence experiments and the Kerr effect, and the discrep-
ancies were then attributed to the presence of “molecular
species” in the solution.
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Kinetics and Mechanism of the Oxygenation of Bis(dimethylglyoximato)cobalt(II) in

Methanol

L. I. SIMANDIL,*=® C. R. SAVAGE," Z. A. SCHELLY,*® and S. NEMETH*

The oxygenation of bis(dimethylglyoximato)cobalt(II) (cobaloxime(II), Cox) has been studied by the stopped-flow technique.
A new experimental method, based on the in situ preparation of the complex, has been developed to eliminate the necessity
of anaerobic work. The oxygenation of cobaloxime(II) consists of three distinct stages: (1) formation of u-peroxo-di-
cobaloxime(III), Cox(0O,)Cox, in a rapid process, followed by (2) its slower disproportionation to u-superoxo-dicobaloxime(III),
Cox(0,)Cox™, and stable cobaloxime(III) and (3) solvolytic decomposition of Cox(O,)Cox* to cobaloxime(III). At Hdmg~
to cobalt(II) ratios of 4:1 and higher, the u-peroxo complex produces a transient maximum in the stopped-flow traces recorded
at 440465 nm. The spectral changes necessary for this are ascribed to the presence of a u-peroxo species containing unidentate
Hdmg™ coordinated in its two axial positions. The kinetics of the individual stages have been studied, and their mechanisms
are discussed. Numerical values of the rate and equilibrium constants involved are reported.

Introduction

Bis(dimethylglyoximato)cobalt(II), Co(Hdmg),, often re-
ferred to as cobaloxime(II), has been extensively studied as
a vitamin B,, model compound.>> Cobaloxime(II) derivatives
have been found to react with organic halides,*® molecular
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hydrogen,”!! and dioxygen,'? which makes them potentially
important homogeneous catalysts. The activation of H, has
been investigated in detail,'%!! and some systems showing
catalytic behavior have been reported,'%1315 although the
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