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CHAPTER 1

GENERAL INTRODUCTION
1.1 Introduction

Vanadium oxide, either pure, mixed with other transition metals, or promoted,
1s an important catalyst in the selective oxidation of many hydrocarbons. Crystalline V,Os has
been reported to selectively oxidize paraffins (propane), diolefins (1,3-butadiene), alcohols
and aromatics like benzene. Other binary oxide phases containing vanadium have also been
studied using the similar feedstocks. For example, binary compounds containing vanadium
and molybdenum’, niobium 2, antimony” have all been evaluated for catalytic activity.

The selective oxidation of 1,3-butadiene over VMoO catalysts is of recent interest and
the incorporation of additional components, such as rhenium or niobium, may be desirable.
The VMoO system has shown promise, having shown selectivity to the two notable,
industrially important products: maleic anhydride and furan.* Other interesting intermediates
include 3,4-epoxy-1-butene and the unstable intermediate, 2-butene-1,4-dial. In recent studies,
it was reported that selectivity to furan decreased while a concomitant increase in selectivity to
maleic anhydride was observed as the % MoQO; was increased in the solid solution o~phase. 4
This study also indicated that the addition of water to the feedstock substantially increased
both the activity of the catalyst and the selectivity to earlier oxidation products.

In the crystalline state, and at concentrations of MoOs; < 14 mole %, a single solid
solution (o) phase is observed. At higher loading of MoOj a new phase () is observed to
form. We are interested in studying the nature of the solid solution phase. The solid state

synthesis route is limited to solid solutions of 14 mole % MoO; or less, so that preparation of a



single solid-solution phase at Mo concentrations greater than this can not be attained via this
synthesis technique.

Prior to this sol-gel work, the VMo catalysts were previously prepared via solid state
synthesis, in which the two oxides were ground, intimately mixed and melted together in a
quartz tube. This high temperature synthesis route resulted in compounds which had very low
surface areas (~1 m%g). In addition, these synthesis conditions typically produce the most
stable phase(s) corresponding to the lowest Gibbs free energy. In this work, new synthesis
techniques have been explored which would allow: control of the phases present, alteration of
the oxidation sta.tes of the metal constituents, and higher surface areas. This approach could
potentially allow the synthesis of gels, supersaturated solid solutions and even meso-structured
compounds. Current research efforts in this area almost exclusively involve metal alkoxides
as the reactive precursor in synthesizing these metastable phases. Although the reactivity of
alkoxides can be controlled by changing pH, water concentration and/or the alcohol solvent
they are expensive and extremely sensitive to air and water (they must be handled in a inert
environment).

Peroxovanadates are very attractive in that they are inexpensive, easy to work with,
and form gels. Like alkoxides, the reactivity can be controlled by varying the pH (although in
the case of peroxovanadates a different species is formed when the pH is varied). Also,
peroxo complexes of molybdenum® and niobium® have been reported in the literature, and we
have been able to synthesize a peroxorhenate in laboratory, so the incorporation of other
metals should be possible.

1.2 Research Objectives



This research focused on the entire gelation process, including both the sol-gel
solution chemistry, the structural connectivity of the gels along and the sites of water
adsorption. The goal of this catalyst synthesis research was to gain a better understanding of
the structure or connectivity of the gel along with determining the sites of water coordination.
Understanding both the nature of the active sites involved in the selective oxidation reaction
and the chemistry of the catalyst synthesis are the first steps to being able engineer the next
generation of catalysts.

The research objectives for the sol-gel solution chemistry (Chapter 3) were to
characterize and elucidate the chemical pathway to gel formation (i.e. chemical intermediates,
precursor to gel formation, role of pH). This understanding might then lead to the ability to:
(1) synthesize super-saturdted solid state compounds which exceed the expected equilibrium
concentrations (2) control of the oxidation state of one or more of the metal components in
the catalyst (4) synthesize novel metal oxides, including meso-structured phases and new gels,
to screen for catalytic ability, (5) synthesize metal oxide catalysts having a surface area of
between 10 —20 m%/g and (6) adapt this synthesis procedure to include binary and even ternary

systems.

'The objectives of the solid state gel studies (Chapters 4-6) were to: (1) characterize the
materials synthesized and determine the connectivity, and (2) determine the role or sites of

water chemisorption so that the oxidation catalysis could be better understood.

1.3 Explanation of Dissertation Format
The dissertation consists of seven chapters and one appendix. Figures and references are

located at the end of each chapter. Chapter 1 gives a brief overview of the sol-gel process as



applied to catalyst synthesis. Chapter 2 is an in-depth literature review, which focuses on the
gelation process, including characterization of both the solution and of the solid-state gels.
Chapters 3, 4, 5 and 6 are articles published (or submitted) by the author in refereed journals.
In Appendix A, the results of the Partial Charge Model as applied to the peroxovanadate
system are reported. Finally, Chapter 7 draws general conclusions and offers suggestions for
the direction of future research. The research presented herewith represents original work

conducted by the author.
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CHAPTER 2
LITERATURE REVIEW
2.1 Vanadates in Sclution

Even in the absence of peroxides, a large variety of vanadate species can exist
at equilibrium in solution. In fact, usually equilibrium exists between two or more species.
The predominant species present is mainly a function of pH and vanadium concentration
(Figure 1).! In highly alkaline (pH >14) solutions V" is found as the orthovanadate ion,
[VO,* . Each of the four oxygen atoms in this oxoanion are equivalent. In dilute solutions
(Cy < 10* M), as the pH is decreased protonation occurs, giving such species as [HyVO4 ™
The overall charge of the species decreases with pH to the point of zero charge (ZPC), which
is pH = 2 for vanadium. Below this pH the monomeri¢c dioxovanadate cation [VO,]" , is

observed.
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Figure 1. Vanadium © species in solution as a function of

concentration and pH.l



Above this pH, the coordination of vanadium is observed to increase to six and the
decavanadate ion [V10023]6' is formed. This large ion can be observed in several protonated

forms, [HanOgg](ﬁ'“}, n=1 or 2, depending on the pH.

Neither the decavanadate ion, nor any of its protonated forms are thought to be a
precursor for further condensed species. At pH < 5, the diprotonated decavanadate ion is

further protonated and forms the dioxovanadium cation according to:

Vloozgﬁ_ + H+ - HV]OOZSS.
Hvloozgs— -+ I‘I+ -> H2V100234-
H;V1602" + 14H > 10VO,* + 8H0

In acidic solutions (pH < 3), the VO, ion is predominant. The pH/concentration
dependence of these species can be seen in Figure 1. In 1969, Griffith et al® report Raman
band assignments for many of the vanadates found in solution. The ones of interest for our
studies are the dioxovanadium cation and the decavanadate anion, which can be seen in Figure
2. Another useful characterization tool is solution NMR. In 1979, Howarth et al’ reported
51y NMR shifts for many of the vanadates found in solution, including the ones of interest in
our studies. These include: VO, at —545 ppm, decavanadate —420 to —530 ppm, V404" at ~
577.6 ppm and V50|55' at =570 ppm. O NMR shifts were report:ed9 for these same species.
In general, there were three main categories of 7O shifts: (1) 0-100 ppm, which corresponds
to a coordinated water, (2) 550-650 ppm, which corresponds to tetrahedrally coordinating O*
or OH’, and (3) 1000-1200 ppm, which corresponds to octahedrally coordinating O* or OH..

70 NMR spectra for the VO," moiety have not ever been reported, presumably because of



fast proton exchange with the solvent* Some authors have interpreted this as an indication
D g Ip

that the VO," cation has a symmetrical chemical environment. _

2.2 Peroxovanadates

Vanadium peroxo complexes resulting from the reaction of a metavanadate salt and
hydrogen peroxide in aqueous solution have been extensively characterized via Raman
spectroscopy,” ¢ 7 "'V NMR, *? O NMR,?® and UV visible spectroscopy.'®!! Most of the
recent literature is in general agreement, although there are still discrepancies regarding the
nature of the peroxo ligand and the structure of the complexes.

The recent discovery that these complexes are biomimetic'> make this chemistry
attractive from a research standpoint. However, at this time, our interest is in the use of these
peroxovanadates as a reactive precursor in catalyst synthesis. While this is not a novel idea,
the literature reports only one other group to attempt a similar approach,'’ which described
what was thought to be a redox reaction between a peroxovanadate and Sb,O3 to form a
xerogel, although the chemical mechanism and characterization of the complexes was not
reported. This work resulted in U.S. Patent 4784979 .!*

The peroxovanadate to gel reaction, in which the peroxovanadates were derived not
from the metavanadate, but from the reaction of V,Os and hydrogen peroxide in aqueous
solution is not well understood. Peroxovanadates derived from the former have been
characterized and it may have been assumed that the V,0s/H;0; system will behave in a
similar manner to the aqueous metavanadate/ H,O, system, even though the latter has a

counter ion present in solution. In any case, the aqueous V,Os/hydrogen peroxide system is



preferred for our synthesis in that the lack of counter ion simplifies both the solution and solid-
state characterization.

The following review consists entirely of work done on the metavanadate/ H,O,
system, except for the UV visible spectra presented by Bradzil et al..!' The species present in
solution are a function of pH, n(H,O,)/n(V), and total concentration of vanadium. At
concentrations of vanadium of 0.01mol/dm® or less, and n(H,O2)/m(V) =2 and pH <7 the
reaction of hydrogen peroxide with V& results in a either a one or two bidentate O, ligands
depending on the pH of the solution. These species interconvert as the pH changes. Conte et
al. reported that the monoperoxovanadate cation is the predominant species at pH < 2.3, while
at pH > 2.3 the diperoxovanadate anion is predominant. A neutral diperoxovanadate species
was reportedly detected'® with 'V NMR. This species had a maxima in concentration at piH =
2.3. Both the mono-and diperoxovanadate species have been reported to be stable in their
respective pH domains although the monoperoxovanadate cation has been reported to be the

better oxidant'®.

Protonated
Monoperoxovanadate Cation Diperoxovanadate Anion Diperoxovanadate

These complexes can be characterized using uv-spectroscopy. The

monoperoxovanadate cation has Ama= 460 nm, while the diperoxovanadate anion has Apu=



330 nm. However, the monoperoxo cation is has been reported to photolytically dccompose":|
when exposed to exciting light of wavelengths of 313, 365 and 436 nm so that this technique
1s not useful for in situ characterization of the reaction. >

Laser Raman Spectroscopy (LRS) can be used in situ for solutions of low vanadium
concentration. For these peroxovanadate species, some laser-induced decomposition has been
reported. The Raman spectra of the monoperoxo and diperoxo both have a sharp peak at about
992 cm’ which corresponds to the stretching mode of the V=0. The bidentate peroxide
ligand creates local C,, symmetry which has three IR and Raman active modes: a sharp peak
at about 890 cm™ which corresponds to the O,-O, stretch, the symmetric vi(V -Op) stretch at
about 630 cm™ and the asymmetric v*(V -Op) stretch at about 540 cm™. In the monoperoxo
complex, the peroxide is symmetrically coordinated while in the diperoxo complex, the
presence of the extra bidentate peroxo ligand increases the bond length of the V-Og; relative to
the V-Orans- This can be seen in Figure 2. Although the Oy— O, bond in the diperoxo complex
is longer than in the monoperoxo complex, there is no distinguishable difference in the
observed band.

With monoperoxo complexes, the symmetric and asymmetric modes overlap at
approximately 560 cm™. Oxodiperoxo complexes can be either pentagonal pyramidal or
pentagonal bipyramidal depending on the coordination number of the vanadium.” These
different orientations result in recognizable differences in the observe;d Raman bands for the
symmetric and asymmetric stretches.

Fortunately, these vibrational modes are structure sensitive, so we can distinguish
between monoperoxo, pentagonal pyramidal and pentagonal bipyprimidal complexes. With

monoperoxo complexes, the bands corresponding to the symmetric and asymmetric metal-



10

peroxo vibrations overlap at approximately 560 cm™. A monodentate ligand on a diperoxo
complex will result in a splitting of the two bands of approximately 100 cm™, with maxima at
about 630 and 520 cm™, while an additional bidentate ligand will cause a splitting of only 40
e 7. In general, as the coordination number of the diperoxovanadate increases from six to
seven, the complex coverts from a pentagonal pyramidal to a pentagonal bipyramidal
structure. Complexes with a long axial bond in the trans position to the V=0 bond are
considered pseudo-pentagonal bipyramidal. The differences in coordination resuit in an
increase in the difference of v'(V-Op)- v¥(V-0y,) , and a shift v’(V-O,) shifts to a lower
wavenumber. The diperoxo complex, VO(O,),H,O" is six-fold coordinated and has a
pentagonal pyramidal structure.

Finally, the band resulting from the v(V-OHp) is very weak and has been assigned to a
band at 460 cm™. ° It should also be noted that in the case of an unidentate end-on bound
hydroperoxide, only one V-Qj, stretch would be observed and an -OOH deformation should be

observed above 1100 cm’™!,

Another characterization technique applicable to this system is 5V and 'O NMR,
although the chemical shifts are not well understood. Generally, but not without exception the
31V shifts increase upon protonation and also upon substitution of O0%. * Most recently,
Conte ez al. reported'® 31V chemical shifts (3), relative to VOCls, of —540 ppm for the
monoperoxo complex, -692 ppm for the diperoxo complex and —702 for the neutral
protonated diperoxo complex. This was the first report in the literature of this neutral species.
Also reported in this paper were ab initio calculations, which confirmed the most probable site

of protonation. This site is thought to be one of the four peroxo oxygen’s (O,). These
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calculations also indicated that the preferred orientation of peroxovanadium complexes in
water are octahedral. This conflicts with the pentagonal pyramidal or pentagonal bipyramidal
structures proposed by Schwendt'”.

Howarth et al® reported >'V shifts for some of the peroxovanadates of interest. They
reported a Y chemical shift of -549 ppm for the monoperoxo complex, and -700 for the
diperoxo complex. Also reported was a dimer with a shift of about —672 ppm. In 1997, Conte
et al reported16 observing a protonated diperoxovanadate species, | VO(0,)2(OH,) H] at -702
ppm, which is neutral in charge. It is worth noting that Howarth reported that the mono and
dipcroxo monomeric species below pH 14 are octahedral while those at high pH or more than
two peroxides per vanadium are tetrahedral. They reported that all peroxide ligands are
formally taken to be unidentate.

Howarth® also reported that O shifts fell into three distinct regions: 0-100, 550-650,
and 1000-1250 ppm. They proposed that these regions correspond to coordinated H,O,

tetrahedrally coordinated O> or OH’, and octahedrally coordinating O or OH.

2.3 Partial Charge Model

Sol-gel precursors may undergo a variety of transformations in solution. The Partial
Charge Model (PCM), first introduced by Sanderson and modified by Henry and Livage,
gives us a simple way to predict which species may be present. At equilibrium, the chemical
potential of every species in solution will be equal. Analogously, the electrons of a molecule

transfer from atom to atom until they all reach the same chemical potential. Each atom will
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then have an electronic charge (8.). The chemical potential of these electrons may be written

as:;

He=He -1

where 1" denotes the chemical potential of the electron on the isolated atom, ?® is the

hardness of atom a, and J, is the electronic charge of the atom.

Since the electronegativity of an atom () is the negative of the chemical potential ()
of the electrons , the electronegativity can be described in terms of the partial charges (8) of
either atoms or molecules. Using these relationships, the electronegativity (yx ) of an atom X

can be written as a function of the atom’s hardness (1)) and its partial charge (d,):

Ax = Xxo + Tlxax (1)

where 7)xis the Pearson hardness of atom X. Softness (o), which provides some measure of

electron polarizability, is related to the Pearson hardness as:

ox=1/11x @)
Softness (oy), or polarizability, increases as the size of the electron cloud increases with
the radius (r) of atom X). It follows that hardness varies as 1/r. Electronegativity is
proportional to Zeg/ 1° using the Allred-Rochow scale. Combining the two previous

relationships, we arrive at:
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n =k(x)* (3)

where k is a constant which depends on the electronegativity scale. This constantk = 1.36
when Pauling electronegativities are converted to the Allred-Rochow scale.
The over-all charge, z, of a chemical species is equal to the sum of the partial charges

of all individual atoms. This sum can be written as:

2=35 )

Substituting equations 1 and 3 into 4, and using the knowledge that at equilibrium all

atoms in complex C will have the same electronegativities, ;i = (C), we find that:

g (3)

If this complex C is in aqueous solution then we must consider the partial charge of
water. Once this is related to the pH of the solution, we have a way to predict which species is
likely to be present. At a pH of 7, theoretical calculations made by linear combination of the
2s and 2p atomic orbitals of oxygen and the 1s orbital of hydrogen predict values'” of §(0) = -
0.4 and S(H)l= 0.2. Since z=0at pH =7, x(H,0) is calculated to be 2.491. The Nernst

equation relates the chemical potential of a proton to pH:

pHY=p’ H) - SpH where f=2.3RT ©)
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Knowing that p (H") is related to x(H") through equation 1, and that x(H") = 2.491 (at
pH =7 and 25° C) and (assuming that the [H;Os]" and the [HyO4]" ions are present) y(H") =

2.631 at pH =0 we can write:

Y (HY =7(H:0) = 1(C) = 2.631 —0.02 pH Q)

If we assume the [HsO4]" ion is dominant at pH =0, x(H") = 2.732, equation 7 changes to:

¥ (" = 1 (H20) = x(C) = 2.732 - 0.035 pH (8)

H He
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Figure 8. Allred-Rochow Electronegativities (y;) and Softness (o; } of Atoms X; 18

Jolivet and Livage worked out that for a complex C =[M(OH),(OH2)n5J*™, the

electronegativity of the complex C can be written:
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1/;51‘;4 +N ;g8+(2N-h) zﬁ+l.362 9
X = 1 N_ . 2N-h

ey
4] o (4]
tm \P"o V2

If the electronegativity of this complex is the same as the water molecules with which it
is in solution (Equation 7), we can solve for the number of hydroxo ligands (h) and the charge

of the hydrolyzed species (z-h)* we might expect to find.

h =]z - (M(OH)n}/[1-h] (10)
z-h = 8+ N8p +(2N-1)3y (11)

Vanadium and molybdenum are small high valent cations possessing empty dn
orbitals which tend to coordinate with the pr orbitals of oxygen. This favors the formation of
metal-oxygen double bonds, which decreases the partial charge of the metal cation.
Spontaneous internal proton transfer is thought to occur at low pH, so that oxo-aqueous

species (i.e. VO, are observed rather than hydroxo-aqueous species (i.e. V(OH)4(OH2)2*‘).]9

2.4 Vanadium Sols and Gels

Vanadium sols were first reported in the literature by Ditte,?® in 1885. Since then over
100 papers have been written on the subject. However, very few are related to catalyst
preparation. Sol-gel chemistry allows the control needed to engineer mono-dispersed
powders, homogeneous glasses, thin films and even fibers, and does not require the high
temperatures of other synthesis techniques. At these lower temperatures, non-equilibrium

metastable phases, such as the ones previously mentioned and others such as super saturated
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solid solutions and even meso-structured compounds are being synthesized. Seeing the
enormous potential, recent research has intensified in this area.

V205 sols have been obtained by various ways. Ditte heated ammonium vanadate in a
platinum crucible, reacted this with hot nitric acid and poured the mixture into water. Miiller*'
poured molten vanadium pentoxide into water and Ostermann®” reacted hydrogen peroxide
with V,0s forming a red-gelatinous product. Vanadium oxytricloride has been used in the
alkoxide route, while more recently, McCormick,? starting with sodium metavanadate, used
an ion exchange column to remove the sodium while acidifying the solution. The resulting
solution was observed to form a gel.

Vanadium gels have been reported to form fibers and even layered structures.*
Intercalation of various ions and molecules, including water, occurs readily in these gels,
although crystalline V,05 does not dissolve in water. Hydration occurs in the layered, fibrous
and amorphous states.

The most widely accepted mechanism of gelation from an agueous vanadate solution
was hypothesized by Livage® in 1988. It was proposed that the reactive precusor is the
neutral species [VO(OH)s]°. Experimental evidence for this intermediate has never been
reported. The vanadium atoms in this neutral precursor would have a large positive partial
charge (8,=10.62) so that coordination expansion most likely would occur through the
addition of a nucleophilic species. Between pH 2 and 6, these neutral intermediates are

thought to react and lead to the formation of decavanadic acid:

10[VO(OH), ° = [H,V,,0,1° = [H,V,,0,,1* +4H* +12H,0



17

Since these neutral decavandate species are strong acids, spontaneous deprotonation
leads to solutions of decavanadic acid [HV1¢Oas]" and possibly [H3V1¢Oss]* . These
polyanions cannot be precursors for further condensed species. Since OH groups in water are
more negatively charged (Sop=-0.2) than the OH groups in [VO(OH)3]° (Sor=-0.09)*¢, the
former is a better nucleophile than the latter. Hence, coordination increases through water

addition as:

[VO(OH),]° + 2H,0 — [VO(OH),(0H,), T

The neutral vanadium is now six-fold coordinated with one water coordinated trans to
the V=0 bond (in the z direction), and the other water opposite an OH group on the equatorial
plane. The V-O bonds of the equatorial plane are inequivalent in the x and y direction (Figure
3a). The y direction contains two OH groups, while the x direction contains an OH group and
a coordinated HyO water molecule. Condensation occurs much faster along the x direction via
olation, as a good nucleophile (OH) and a good leaving group (H,0) are present. Also,
olation is a faster process since a proton transfer is not required for this mechanism to proceed.
Oxolation, which does require a proton transfer, proceeds at a slower rate along the y

direction. A cartoon of this gelation process can be seen in Figure 3b.

The dispersion of V** species in the predominantly V** is responsible for the mixed-
valence properties of the gel”, and the color of V,0s5 gels seems to be determined by the
percentage of V* species present.. Although the V* percentage is usually about 1%, it can be

as large as 10% when the synthesis is preformed in an organic solvent.”® When the V*
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percentage reaches 20%, the gel turns green and flocculates.? It has been proposed by several
30,23 . o . : as
groups that the V** species is the initiator for condensation. This may be because the V
ion is larger, and larger ions favor coordination expansion, or because V**-OH are weaker
acids than V>*-OH. The former has been reported to be one of the major factors influencing

the formation of condensed species from tetrahedrally coordinated inorganic or metal-organic

species.”’ Catalytic effects of V* in the predominantly V** material are, as of yet, unstudied.

The fibrous nature of hydrated vanadium gels (V205 - nH,O) has been studied using
electron microscopy”>. These ribbon-like fibers are about 10 nm wide and greater than 1pm in
length. Smaller sections, about 100 nm long and 2 nm wide form first. They subsequently self
assemble, edge-to-edge, forming a wider, ribbon-like structure (Figure 4).** The ansiotropy of
these segments allows the formation of further ordered colloids, called tactoids (Figure 5).
Tactoids are thought to form when solid-solid interactions become strong enough (ie.

concentrated sol) to keep the colloids mutually aligned.®

Electron diffraction has been utilized®* to determine the molecular dimensions of the
repeating structure. This structure is similar to orthorhombic V,Os in that the b parameter is
nearly identical. The a parameter is much larger, having increased from 11.51 A to 27 A,
This may be due to the presence of hydroxyl groups that are stable at temperatures less than

300°C.

Hydrated gels, V,0s - nHyO, are obtained via condensation and hydrolysis of

vanadium alkoxides or vanadate solutions. When dried ambiently the gels contain roughly 1.8
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moles H,O per mole V20s. The removal of water can be achieved through thermal treatment

and this process can be described as®.
V30s5- 1.8 HyO = V;05- 0.5 H;0 > V,0s (amorphous) = V,0s (crystalline)

Amorphous V,0s was observed above 250 °C, and crystallization into orthorhombic V,0s
was observed as temperatures began to exceed 350 °C.>° Water desorption has been reported
to be reversible at water contents above V05 - 0.5 H;0, and is dependent on the partial
pressure of water above the gel. The desorption isotherm is Brunauer type I, suggesting
multi-layer adsorption.”® In this model the first layer of molecules are chemisorbed to the
substrate, while subsequent layers are physisorbed. Since the structure of these gels is often
layered, the water molecules are thought to be intercalated.”® As the water is incorporated
between planar sheets of the oxide, the gel swells, and the basal distance increases by

increments of 2.8 A, which is the van der Waals diameter of H,O.

In 1993, McCormick et al. examined the vanadia oxide gel formed from the
acidification of 0.1, 0.2 and 0.4 M sodium metavandate solutions using >'V NMR.
Immediately after ion exchange, the solution contained the di- and triprotonated decavanadate
ion and the dioxovandatate cation. Some polymerization occurred immediately. This
coincided with the disappearance of the triprotonated decavanadate ion. After a period of
induction, polymerization began again. Since they observed the initial presence of V*
(initially at a concentration of only 0.001 M.) they proposed that polymerization was initiated
by a dimer that was formed between the reaction of the V* species and the VO," cation.
Although, this explains the induction period, it does not explain the immediate formation of

the colloidal solid that they reported observing.
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The polymerization began again after about 50 hours, and was nearly
complete by 120 hours. The red viscous sol that formed was examined using °'V MAS NMR.
They found that the sol exhibited a single resonance at —547 ppm, which is nearly identical to
the shift observed for the VO, cation in solution. They proposed that the vanadium chemical
environment in the gel was very similar to that of the VO," cation, which has a symmetrical

environment® ¢

. The VO," cation is though to have a symmetrical environment since the
oxygen is unobservable with O NMR, due to what is thought to be rapid oxygen exchange
with the solvent. Although they spun their samples at 10 kHz, spinning side bands were not
observed. They concluded that the vanadium chemical environment in the polymer was
probably symmetrical, and very similar to that found in the VO," cation. 'O MAS NMR
results were also reported for the same gels. Oxygen resonances were reported at 1430, 1407,
1396, 1380, 1150, 688 and 223 ppm. The peaks between 1500-1300 ppm were assigned to
V=0 groups, the peak at 688 ppm to a V,O group and the peak at 223 ppm to coordinated

water.

In 1999, Livage™ reported concentration profiles as determined using °'V NMR for the
reaction of V,0s with HyO,. They demonstrated that dissolution of the oxide led to the
formation of unstable diperoxo [VO(O,):)* species which decomposed to form monoperoxo
species [VO(0Q,)]". Vanadate and decavanadic acid entities were observed before

polymerization occurred and V205 « nH;O was formed.



21

2.5 List of Figures

Figure 1. Vanadium (V) species in solution as a function of pH.'

Figure 2. Laser Raman band assignments and structure of: a) dioxovanadate cation. b)
metavanadate and ¢) decavanadate anion.

Figure 3. a) Inequivalent directions of condensation and b) Neutral [VO(OH)s]° coordination
expansion, chain and double chain formation. '

Figure 4. Tactoid Schematic.

Figure 5. V,05 ribbon structure. 34
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Figure 2. Laser Raman bands and structure of a) dioxovanadium cation, and b} decavanadate
anion.
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coordination expansion olation (fast) oxolation (slow)

Figure 3. a) Inequivalent directions in the proposed intermediate and b) neutral
[VO(OH)s]° coordination expansion,chain and double chain formation. '
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Figure 4. V,0sribbon structure.**
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Figure 5. Tactoid Schematic
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CHAPTER 3
Vanadia Gel Synthesis via Peroxovanadate Precursors. Part I: In Situ Laser Raman
and 'V NMR Characterization of the Gelation Process
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Abstract

Vanadium oxide gels derived from aqueous solution of V,0s and H;O, have been
investigated using in situ >’V NMR and laser Raman spectroscopic techniques. On the
basis of this characterization, a pathway for peroxovanadate decomposition has been
proposed, including the presence of two peroxovanadate dimers. New Raman bands and
assignments for these species are reported. Gelation was observed to begin both before
and after the peroxovanadate decomposition, depénding on the initial molar ratios of
H,O,/V and the total concentration of vanadium. Experimental Sy NMR evidence
suggested that the VO;" species was directly involved in the formation of the gel.

key words: V,0s 5gels, peroxo vanadate characterization, in situ laser Raman
spectroscopy, in situ 'V NMR spectroscopy
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3.1 Introduction

Transition metal oxides such as MoOs, W03, TiO,, and V05 can be-prepared by the
dissolution of metals, metal oxides, or metal salts into aqueous solutions of H,O,. L23
V05 materials prepared by this chemistry have important electronic and ionic properties
utilized in antistatic coatings, battery cathodes, and electrical components. Extensive
work has been performed on the convenient synthesis of V,0s gels from H,O, and
NaVO;, including a process involving ion exchange.* > More recently, the preparation of
materials (V20snH,0) by a sol-gel procedure utilizing V,Os has also been reported.®
Peroxovanadates derived from V,0s are attractive precursors to vanadia gels in that they
are inexpensive and fairly easy to handle. Gel formation occurs quite readily, but as for
alkoxide sol-gel preparation routes, the reactivity of the precursor solutions depends on
pH, temperature, and reactant concentrations.

Our interest in peroxovanadates is based on their use for catalyst synthesis via sol-gel
chemistry.”® Using this route, we have been able to prepare a wide range of mixed metal
oxide catalysts that are active for reactions such as the conversion of 1,3-butadiene to
valuable selective oxidation products. Preparation of binary and ternary materials having
wide ranges of composition and solid solution behavior has been possible. Bradzil et al.
have described the preparation of vanadium-antimony oxide catalysts for the selective

oxidation or ammoxidation of several hydrocarbons.’'®

The advantages of these
materials were increased catalytic activity, milder preparation conditions, homogeneous
distribution of the metal constituents, increased surface area and porosity, and resistance

to attrition'’. These improvements were attributed to the microcrystalline nature of the

catalyst resulting from thermal treatment of the sol-gel material. The driving force for
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the preparation of these catalysts was thought to be a redox reaction between the V°*
peroxo complex and Sb>* (Sb2055 which formed a vanadium antimonate xerogel
comprised of V** and Sb®*. These researchers also suggested that additional
characterization of the sol-gel chemistry and the reaction mechanisms would be desirable,
especially using in sifu spectroscopic techniques.

Characterization of reacting species during formation of a gel is challenging, and only
a few techniques are likely to be applicable and informative under in situ conditions.
Both laser Raman and NMR spectroscopies have been previously used by our research
group for in situ characterization of catalysts. Prior research has indicated that formation
of several vanadium peroxo complexes species is likely and that interconversion may be
relatively easy. The reaction of metavanadate salts and H,O, in aqueous solutions has
been characterized by Raman,!? 131415 Sly NMR,IG’ i7.18,19 170 NMR,18 and UV visible
_spectroscopy, > 2° Although most of the recent literature is in general agreement
regarding the identification of these species, discrepancies still exist regarding the
structure of the complexes and the spectral assignments. Some researchers have been
able to directly relate characterization of the precursor speciés to V,0s gel formation.
The condensation of vanadates from a metavanadate precursor was studied by
McCormick et. al.*® An ion-exchange column was used to obtain an acidic solution
containing the dioxovanadate cation and protonated forms of the decavanadate anion.
Using Sy and YO NMR to follow the reaction, these researchers reported that the
dioxovanadate cation was the initiator for condensation. The V,0s5-H;O, preparation
route may be expected to behave similarly to the NaVO3-H,0, method, and further

characterization utilizing SV NMR spectroscopy has been performed by Livage et al..’
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These researchers demonstrated that dissolution of the oxide led to the formation of
unstable diperoxo [VO(O1)2]* species which decomposed to form monoperoxo species
[VO(02)]". Vanadate and decavanadic acid entities were then produced before
polymerization formed V,0s * nH,0.

The research reported here has focused on the combined used of laser Raman and *'V
NMR to elucidate the sol-gel chemistry relevant to the preparation of active, selective,
and stable selective oxidation catalysts involving V205 and other components. In order to
provide a clearer basis for identification of the vanadate species present in aqueous H,0,
solutions, we will first summarize the assignment of spectral features observable by laser
Raman and NMR spectroscopies. We will then discuss the in sifu characterization of
four representative samples, emphasizing procedures relevant to V,Os-based catalysts.
More extensive characterization of the final solid state material and the catalytic activity

will be reported in other publications .”®

3.2 Experimental

3.2.1 Sample Preparation. Preparation conditions for the V;Os gels are summarized in Table
1 (samples A, B,C,and D). 0.1 M peroxovanadate solutions were prepared by addition of
30% H20; (Fisher Chemicals) to slurries of de-ionized water and V,0O5 (Alpha Aesar). 0.5 M
peroxovanadate solutions were prepared by addition of V,0s5 to H,O,. Temperatures were
controlled using a Brinkmann Instrﬁments circulating liquid bath. Samples A, B, and C were
maintained at 25 °C. Preparations at high concentrations of V,0s or H,O at 25 °C were
completed within a minute; thus for sample D, the temperature was reduced to 5 (x1) °C in

order to perform the ir situ characterization studies.
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3.2.2 Characterization

3.2.2.1 Laser Raman Spectroscopy. Laser Raman spectra were obtained using Coherent
532-50 diode-pumped laser (532 nm, 50 mW at the source) and were collected at 180° using a
Kaiser probe head coupled via fiber optics to a Kaiser Holospec /1.8 spectrometer. For
Raman characterization, the temperature was controlled using a water-jacketed in situ flow
cell. For high concentrations of vanadium (> 0.5 M), laser-induced decomposition was
observed at room temperature, as reported by other researchers. To avoid sample
decomposition, a Bruker RFS-200 FT Raman Spectrometer (1024 nm, 50 mW at the source),
was used to confirm spectral assignments. Liquid samples were also spun to reduce sample

heating and decomposition.

3.2.2.2 5V Nuclear Magnetic Resonance. °'V NMR spectroscopy was performed at 9.4
T using a Chemagnetics™ Infinity spectrometer operated at 105.17 MHz. Liquid samples
were placed in glass tubes for use with a standard Chemagnetics 5-mm probe.
Measurements were performed at temperatures between 5°C and 25°C (+ 0.5°C).
Typically, 30-120 spectra were obtained during the sol-gel processes which required up
to 140 h. Due to fast longitudinal relaxation, a delay of only 50 ms between scans was
needed to record fully equilibrated magnetization. Approximately 720 scans were
collected to produce an intense >'V signal. Liquid spectra exhibited narrow resonances
that could be assigned to various reaction products and intermediates. The concentrations
of various species were determined using deconvolution and integration software
available from Spinsight™. The liquid state spectra reported in this work do not include

the V** species, which are paramagnetic. In addition, the solid products of our synthesis
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‘drop out of sight’ as they condense at the bottom of the NMR tube, outside of the coil.
Even if they remained in the coil, however, they would not be observable in the static
NMR experiments due to the chemical shift anisotropy and quadrupolar broadening. A
detailed solid state NMR analysis of the solid products of our synthesis is described

1

elsewhere.”’  All spectra are reported with reference to vanadium oxy-trichloride

(VOCls), using the & scale with negative values being upfield.

3.2.2.3 pH Measurements. All pH measurements were taken using an Orion Model 410A
meter and an Orion Ross Sure-Flow glass body electrode

3.2.2.4 UV-Visible Spectroscopy. Spectra were obtained using a Shimadzu UV
3101PC instrument with a 0.01 cm pathlength. Application of this technique was
difficult since some vanadium species exhibit photochemical sensitivity: for example, the
monoperoxo cation has beeﬁ reported to decompose at wavelengths of 313, 365 and 436
nm.” Evolution of O, during the reaction was also problematic since bubbles tended to

collect on the cuvette walls.

3.3 Results

A large number of vanadate complexes were observed in solution during the gelation

- procedures employed in these studies. Therefore, a sumnmary will be provided of the results
obtained with laser Raman and NMR spectroscopies, the primary techniques used in this

study. Subseqguently, utilization of these techniques to examine gelation phenomena under ir

situ conditions will be discussed. Although the LRS and >'V NMR spectra correlate quite

well, some subtle differences may be apparent: the time noted in the LRS spectra may be
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slightly different than the time noted in the NMR spectra., although the difference likely is not
greater than 1 minute. Other technigues were also employed in this research, and the results

will be described as appropriate.
3.3.1 Characterization of Species Observed in Peroxovanadate Solutions

The peroxovanadate species observed in our experiments and their corresponding
Raman and 'V NMR assignments are summarized in Table 2. The species present in solution
were a function of total concentration of vanadium, H,O,/V molar ratio, and pH. To facilitate

the discussion, these species are identified in boldface numerics.

At concentrations of vanadium of 0.01 mol/dm’ or less, concentration ratios of
H,0,/V = 2, and pH < 7, the reaction of H>O, with V05 resulted in coordination of
either one or two bidentate O,> ligands. These peroxo species interconverted as pH was
altered. Both the mono- (1) and diperoxo (2) complexes have been reported to be fairly
stable within specific pH domains, although the monoperoxo cation has been observed to
be a better oxidant than the diperoxo anion.?? Laser Raman spectra of 1 and 2 have been
previously reported.'> 2 2*  For our studies the V=0 stretches for these species were
observed at about 977 and 985 cm’ respectively; the 8(V=0) deformations were

23, 24

observed at about 314 cm’!, consistent with other studies. The bidentate peroxide

ligand has local C3, symmetry resulting in three IR and Raman active modes: the Op-O,

stretch, the symmetric v'(V—Op) stetch, and the asymmetric v3(V-Op) stretch. For 1, the

coordination is symmetric, and the symmetric and asymmetric stretches [v(V-Op) and

v¥(V-Op)] overlap around 540 em’.  Diperoxo complexes can have pentagonal
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pyramidal or pentagonal bipyramidal coordination (2, 3, 4).2* For 2, the presence of the
additional bidentate peroxo ligand (in addition to the coordinated water molecule)
increases the bond length of V-Oy; relative to V-Oyys (Figure 1), where Ogis and Oypgas
denote the oxygen atoms adjacent to, or across from, the coordinated water ligand. This
asymmetry results in a splitting of the symmetric and asymmetric V-O, bands,'” so that
the symmetric VI(V-Op) band was observed at about 633 cm™ and the asymmetric v*(V-
Op) band was observed at about 542 cm™. Although the Oy~ Op bond in 2 is longer than
in 1, there was no distinguishable difference in the position of the observed band.” It
should also be noted that in the case of an unidentate, end-on coordinated hydroperoxide,
only one V-O, stretch would be observed, and an OOH deformation should be observed
above 1100 cm™.*

The 'V NMR peak for 1 was observed at -541 ppm. Conte et. al.'” reported a
shift of -540 ppm. For 2, a peak was present at -695 ppm, which Conte et.al reported at
-692 ppm. The peak at -705 ppm was assigned to 3. This species reported was observed
in one other study to have a shift of -702 ppm.'” Species 4, observed at —749 ppm, was
previously reported'® to have a 'V NMR peak at -746 ppm.

In our studies we also detected Raman bands for a symmetric diperoxovanadate
dimer (5) and an asymmetric peroxo-dimer (6). Bands at 960, 910 and 598 cm" were
assigned to §, which probably corresponded to V-O,-V, Op-O, and the V-0, vibrations,
respectively. Since the V-O-V stretch was observed near the V=0 stretch (~ 995 cm™'), a
linear p»-bridging oxygen ligand (Op) having some m character was likely present. The
absence of splitting of the symmetric and asymmetric V-O; stretches was consistent with

the lack of H,O coordination in the same plane as the n*-peroxo ligands. Therefore, the
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local structure of each vanadium was octahedral, not pentagonal bipyramidal. Bands at
955, 910, 599, and in the 400 and 500 cm™ region were assigned to the asymmetric
dimer, 6. The bands at 955, 910 as well as 599 cm™ were analogous to the symmetrical

dimer, while the bands between 400 and 500 cm™! were assigned to V-OH stretches.

The 'V NMR shift at -670 ppm was assigned to 5, which is in agreement with a
previous report.'® The shifts at -669 and -674 ppm were assigned to 6, previously reported to

occur at -670.6 and -674 ppm. *®

1V NMR shifts for the decavanadate anion (7) were observed at -425, -502 and -518
ppm. Shifts for this species have been reported26 to occur at -420, -495 and -510 ppm. 'V
NMR shifts for the diprotonated decavanadate (8) were observed at -428, -513 and -533 ppm.
These were previously reported* at -426, -512, and -531 ppm. Raman bands for this species

were observed at 1007, 980, 935, 836, 547, and 314 cm’.

Raman bands for VO," (9) were observed at 940 ¢m™. Raman bands for this species
. have been previously reported'® at 940, 912 and 348 cm™. The *'V NMR shifts for 9, 10, 11,
12, 13, and 14 were observed at —545, -574, -577, -584, -561, and —754 ppm, respectively.
These shifts were previously reported at —545.9 ¢, —573.6”, -577.6%, -5867, -562'° and -
760" ppm, respectively. Species 15, 16, and 17, previously unreported, were observed at -

613, -641 and -720 ppm.
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Raman band assignments for the pyrovanadates (10) and the cyclic metavanadates
(VOs)s™ (species 11 and 12) have been previously rf:ported28 to occur at 945, 905, 630, 490,

and 360 ecm™. For 11, we observed Raman bands at 948, 900, 635, 490 and 360 cm’™.

3.3.2 Characterization of the Vanadia Gel Formation

SAMPLE A. 'V NMR at 20 min (after peroxide addition) revealed that 2 was predominant
[Figure 2(a)]. Also present (in order of decreasing signal intensity) were 5, 1, and 3, Raman
data [Figure 3(a)] acquired at this time revealed a very strong band at 537 em’!, which was
assigned to 1 and 2. The strong band at 598 cm™ was assigned to 5, while the sharp band at
876 cm! was assigned to the v(0,-Op) stretch of HO,. A broad band between 1023 cm” and
930 cm™! was assigned to the superposition of the V=0 stretch for 2 (990 cm™), 1 (977 cm’™),
and 3 (present in a low concentration). Sharp bands at 893 cm™ and 314 cm™! were assigned
to 1 and 2. The UV-visible specira of sample 1 showed a shoulder at 330 nm (due to the
diperoxovanadate anion) which was observed at 45 min had weakened by 65 min. For 160

min, a broad absorbance was seen at lower wavelengths.

At 40 min, Raman bands emerged at 960 and 911 cm’! [Figure 3(b)]; these features
persisted until 68 min. The Raman bands were the most intense from 40 to 60 min [Figure
4(a) and 4(b)]. 'V NMR revealed that 1, 2, and 5 [Figure 2(b)] were present at this time, the
latter at its maximum concentration. As explained in section 3.1, some Raman bands were
assigned to 1 and 2 based on previous work'2, The Raman bands at 911 and 596 cm™' could

not be assigned to either of these species and therefore were assigned to 5. As time
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progressed, the band corresponding to the Op-O, stretch (876 cm"l) from excess HyO,
decreased in intensity, until its intensity was very low at 68 min. A decrease in the

concentration of 2 coincided with the loss of H,O;.

At 158 min, 'V NMR characterization revealed the presence of 8, while S had nearly
disappeared [Figure 2(c)]. Raman acquired at this time [Figure 3(c)] showed bands
characteristic of 8. The band at 936 cm™ could also be assigned to 9, but another band at 910

! would also be expected®. By 1240 min [Figure 3(d)], bands corresponding to 8 had

cm
become more distinct, but little change was observed in the Raman characterization after this

time.

At t > 200 min, only 1, 8, and 9 were present in solution, as clearly revealed by >'V
NMR spectroscopy. The concentration of 8 and 9 increased as 1 disappeared (this
transformation was nearly complete at about 1400 minutes). At this point, the peaks due to 8
and 9 began to decrease in intensity, coinciding with the initial sol-gel formation. 8 was not

detected after about 1800 min, leaving only 9 in solution [Figure 2(d)].

SAMPLE B. At 7 min (pH =1.42), the solution was clear and red. 51y NMR revealed that 2
was the predominant species. Also observed [in order of decreasing signal intensity, see
Figure 5(a)] were 5,1, and 9. The Raman spectrum [Figure 6(a)] at this time showed a sharp
band at 876 cm™! for Hz0,. Another strong band observed at 538 cm’! corresponded to 2. The
broad band observed between 1000 cm™ and about 960 cm™ involved an overlap of bands for
2and 5. A sharp band began to become distinguishable at 890 cm™ and was assigned to 1
and 2. The band at 597 cm™ was assigned to 5, while the band at ~315 em™ was due to 1 and 2

(although 1 was again present in low concentration). A broad shoulder was also observed at
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631 cm™ and was assigned to 2. The UV-visible spectrum of sample 2, taken at 45 min
revealed the presence of 2 (330 nm). By 65 min, this maximum had disappeared, but a strong

absorbance was observed at A < 360 nm.

The *'V NMR spectra obtained between 55 to 80 min revealed interesting
transformations: peaks assigned to 2 decreased in intensity, while those for 5 increased to a
maximum at ~68 min [Figure 5(b)] then decreased. Meanwhile, 8 appeared at 60 min and
increased in concentration. The pH changed substantially in this tirne domain from ~1.5 at 55
min to ~2.2 at 80 min. The Raman spectra taken at 55 min [Figure 6(b)] and 60 min [Figure
6(c)] showed 5 was at its maximum. As the reaction proceeded, there was a further decrease
in intensity of the peroxide band at 876 cm™, compared to bands for 1 and 2. At about 70 min
the Raman band at 876 cm™ had nearly disappeared, indicating that H»O; was eliminated
[Figure 6(d)]. As for Sample A, there was a concomitant decrease in the concentration of 2.
The pH of the solution at this time was 1.45, and without excess peroxide, 1 rather than 2

would be expected to be the dominant species'” 18

At 268 min, the solution was a clear and dark red for pH =2.45. The Raman spectrum
showed bands corresponding to 8. The SV NMR spectrum showed that in addition to 8
species 1 and 9 were also present [Figure 5(c)]. The Raman spectra did not change

significantly at later times.

After 1000 min, the >'V NMR spectrum [Figure 5(d)] showed peaks corresponding to
8 and 9. At 1600 min, the total vanadium concentration in solution began to decrease,

corresponding to the formation of a solid.
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SAMPLE C. °'V revealed that up until about 500 minutes, only 2 was found in solution
[Figure 7(a)]. Raman confirmed this result [Figure 8(a)]. However, several new species were
detected in the >'V spectrum at 562 minutes [Figure 7(b)]. The shifts were, in order of
decreasing signal integral: species 2, 4, 13, 12, 8, 10, and 9. Except for a decrease in the H,O»
band at 875 cm™ and an increase in the shoulder band at 500 cm™!, the Raman spectra [Figure
8(b)] were unchanged at this time. For sample C at 45 minutes, the UV-visible spectra showed
a maximum at 330 nm revealing the presence of 2. However, unlike samples A and B, this
maximuim persisted throughout the experimént until 160 min. A decrease in the absorbance at

330 nm over time was observed revealing the decomposition of 2.

By 1770 minutes, 11 and an unknown species (associated with the IV NMR peak at -
613 ppm) had appeared [Figure 7(c)]. The species previously observed were still present
although relative concentrations had changed. Raman at this time [Figure 8(c)] revealed a
very broad band between 1100 and 910 cm™, which results from the overlap of several

resonances, corresponding to the species 2, 4, and 10. Other bands were unchanged.

By 3350 minutes, the >'V NMR peak assigned to 10 was predominant [Figure 7(d)].
At this time the pH was measured to be 6.9, and this species was expected to be present at
equilibrium conditions.” In fact, except for 2, the peroxovanadates were no longer present.
The Raman spectrum [Figure 8(d)] showed bands at 948 cm™ and 635 cm™ which were

assigned to 10.

SAMPLE D. At 5 minutes, >’V NMR shifts were observed (in order of decreasing signal
integral) for 2, 14, and an unknown species at -640 ppm [Figure 9(a)]. The Raman spectrum

at this time [Figure 10(a)] showed a very strong band at 878 e, This band involved both
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H,0; (878 cm™) and 2 (890 cm™) and also possibly involved overlap with a shoulder at 910
cm’, perhaps due to 14. Excess peroxide produced such a large Raman band intensity that the
other bands in this region were not discernable. A very broad band observed in the range 1015
to 930 cm™’ and a maximum at 994 cm” resulted from a superposition of several bands
involving 2 (990 cm™) and probably the V-O,-V stretch of 14 (~955 cm™). The band at 599

cm’’ was assigned to 14 [probably v(V-O,)]. The sharp band at 535 em’ corresponded to 2.

By 174 min, the Raman shoulder bands at both 955 and 910 cm™ appeared more
pronounced [Figure 10(b)]. This observation correlated with the 'Y NMR results, which
show that the signals due to 14 had increased [Figure 9(b)]. Also, a broad Raman band was
observed between 478 and 423 cm’, that was assigned to V-OH stretches for 14. Raman
spectra at t > 174 minutes were difficult to obtain due to the extremely dark color of the

solution.

By 341 minutes, the band at 955 cm’! was more pronounced. The bands at 989, 896
and 910 cm™ were also more prominent. All other bands noted at the previous times were still
observed [Figure 10(c)]. The corresponding Sy NMR data [Figure 9(c)] showed further
increase in the signal due to 14, along with the unassigned peaks at -640 and -726. Since there

1

were two unidentified species present, the Raman band at 955 cm™ could not be

unambiguously assigned.

At 393 minutes, >'V NMR signals for all the species except 2 had increased [Figure
O(d). The signals for 14 were at their maximum. Raman spectra were difficult to obtain due

to the darkening of the solution. At that time, Raman bands corresponded to 14 (955, 910,
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599, 490-410 cm"l) and 2 (989, 893, 535 crn'I). The band at 878 cm™* was absent indicating

that H,O, was no longer present {Figure 10(d)).

At 415 minutes, 'V NMR signals for all previously mentioned species had decreased
in intensity. New signals corresponding to 3 and 6 had appeared [Figure 9(e)], with 6 being
the prevalent species in solution. At this point, the solution had turned dark red and was
sufficiently viscous to effectively trap small O, bubbles evolved from the solution. Although
Raman data became even more difficult to obtain due to the increasingly dark color of the
sample, bands could be observed at 1026, 706, 497, and 268 cm™ [Figure 11(2)]. The band at

1026 cm™ may be the V=0 stretch for a short segment of the polymeric chain.

At 485 minutes, 'V NMR showed that the bands due to 3 had increased sharply in
intensity, while the concentration of 6 apparently was unchanged [Figure 9(f)]. All other
species had decreased in concentration. Again, the solution was very dark and viscous.
Raman bands were observed [Figure 11(b)] at 1026, 706, 516, and 268 cm™. The increased
viscosity leads us to believe that the band at 1026 cm™ was the V=0 stretch of a short polymer

segment.

At 614 min, 31y NMR showed that the concentration of 3 had increased at the expense
of 6 [Figure 9(g)]. The total amount of vanadium in solution began to decrease indicating that
formation of a solid had begun. By 1011 min, a gel was visible and only 3 and 6 were found
in solution [Figure 9(h})]. By 1523 min, the reaction was nearly complete, and a solid had
formed. The Raman spectrum of this wet gel showed strong bands at 703, 516 and 271 cm™.

The weak band at 1026 cm™, previously observed at 485 min, had re-appeared [Figure 11(c)].



3.4 Discussion

3.4.1 Solution Chemistry

Preparation conditions for samples A and B ( Cy =0.1 M, peroxide:vanadium =
7.9) were similar, except for the pH: for sample A, the pH was lowered using HCI, while
the pH of sample B was unadjusted. The same vanadinm species were identifiable for
these synthesis conditions, although the time of observation an'd the relative
concentrations of the complexes differed (Figures 12-15). The only exception was the
protonated diperoxovanadate species, observed only for sample A. A plausible

conversion pathway is given below:

V,0, +2H" +2H,0, + 3H,0 - 2VO(0,)(0H,),* 1)
VO(0,)OH,)," +H,0, < VO(0,),(0H,)” +2H* +2H,0 )
2V0(0,),(0H,) ~ +2H" - [V(0,),(0H,)],0° + H,0 3)
[V(0,),(0H,)],0° + 3H,0 + 2H* - 2VO(Q,}OH,)," +0, (4)
2VO(0,)OH,),* = 2V0," + 0, + 6H,0 (5)

10VO," +8H,0 & H,V,0," +14H" 6)

VO,* +H,0, +2H,0 - VO(0,)(OH,),* 7

VO,” - solid ®)
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The diperoxovanadate anion was the predominant peroxo species in solution initially.
However, the decomposition of the peroxo complexes was thought to occur primarily through
reactions (4) and (5) involving the monoperoxo and dimer species. This is in partial agreement
with a previous study'®, which reported that the most likely pathway of the 1°— peroxo ligand
species was by decomposition of the monoperoxovandate cation. The role of the dimer has not
been clearly established previously, and in our studies this major intermediate appears to
introduce a new pathway for peroxo decomposition. In another recent study® (molar ratio of
H,Oy/V = 29.4), an increase in peroxide concentration was observed to have the following
effects: (1) the monoperoxovanadate cation was a predominant species in solution; (2) the
| diperoxovandate anion was stable for a longer time; (3) the dimer was only observed in trace
amounts; and (4) the gel formed rapidly. An increase in the H,O»/V ratio would initially favor
the formation of more monomer than dimer species. A higher concentration of peroxide
would also result in a lower pH through reaction (2), and therefore the monoperoxo species

would be expected to dominate.

The consistency of the proposed chemistry and the treﬁds in pH are most easily
analyzed for sample A since the species evolved in a sequential manner. The Raman spectra
showed that H,O, was present until about 40 minutes, so reaction (2) continued until this time.
The cycle, monoperoxo->diperoxo—>dimer—->monoperoxo [reactions (2), (3) and (4)]
continued as long as excess peroxide was available. The pH remained constant during this
cycle, which indicated that in the absence of other reactions the rate of reaction (2) equaled the
sum of the rates of reactions (3) and (4). Once the excess peroxide had been consurned,

reaction (2) ceased (H' was no longer produced), and reaction (5) proceeded. Reactions (3)
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and (4) still occurred, although now without reaction (2) occurring the pH was observed to

increase.

Eventually, all of the peroxo complexes decomposed, and at long times (> 150
minutes), only the diprotonated decavanadate anion, the dioxovanadium cation, and the
monoperoxovanadate cation were detected. The relative concentrations of the first two
species mentioned remained relatively constant until the monoperoxovanadate cation had
disappeared. The protonated diperoxovanadate complex was existed only in the presence
of excess H,O; and in highly acidic solutions (pH < 1). As the monoperoxovanadate
cation disappeared, the over-all vanadium concentration in solution as detected by >'V
NMR began to decrease, indicating that the polymerization process had begun. For
sample A, polymerization began at about 1700 minutes, and proceeded rapidly until the
decavanadate ion was depleted (Figure 13). In sample B, the same trends were observed
although the decavavanadate ion was not depleted (Figure 15). In both samples A and B,
the decavanadate ion acted as the source of vanadium in solution [reaction (6) reverse].
3.4.2 Gelation

.Gelation occurred only in the presence of the VO, cation (i.e. samples A, B, and
D) and was believed to proceeed via a similar mechanism as reported by other authors,*
# with the VO,* cation being directly involved. Gelation was not observed in samples
that did not contain the VO," cation (i.e. sample C where the diperoxovanadate
decomposed slowly to form the expected equilibrium species [Figure 16]).

Samples A, B and D yielded solids of very similar composition, as will be

detailed in the second part of this study.”’ The condensation/gelation processes that



47

occurred in samples A and B were believed to occur as the VO," cation or a reactive

intermediate™*®

reacted through oxolation to form chains. The exact precursor for
polymerization is still unclear, but involvement of the VO, species is strongly indicated.
Livage29 has stated that the neutral VO(OH3) species is the reactive precursor. VO(OH);

has been reported30 to be formed via the hydroloysis of VO, as:

VO,* +2H,0 « H* + VO(OH), ap

This neutral species has only been observed at total vanadium concentrations of 0.0001 M or

less.*® Coordination then increases through water addition as:

[VO(OH),]° +2H,0 —[VO(OH),(OH,),]"

The neutral vanadium is proposed to be six-fold coordinated with one water coordinated
trans to the V=0 bond (in the axial or z-direction) and the other water opposite an OH
group on the equatoriﬁl plane. The V-O bonds of the equatorial plane are non-equivalent
in the x and y direction. There are two OH groups in the x direction, while in the y
direction there is an OH group and H,O (Figure 17). Condensation proceeds n';uch faster
along the direction containing the OH group and the H2O. This occurs via olation since a
good nucleophile (OH) and a good leaving group (H,0) are present. Olation does not
require a proton transfer and proceeds quickly, forming a chain-like polymer. Oxolation,
which does require an internal proton transfer, proceeds at a slower rate along the
direction containing the two OH groups and connects the chains to form ribbon structures

(Figure 17).
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For both samples A and B, the resulting gel was initially brown, but within hours
the color turned dark red. Work done by McCormick, et al.* *on the condensation of an
acidified metavanadate solution discussed several possible routes of [V*O." >
polymer. Using ESR, they reported detecting small amounts of [V**0]**. Although
present at very low concentrations (~ 0.001 M), they proposed that the dimerization of
the [VPP0,]" and [VH*O]* to form a mixed valence species might initiate
polymerization®'. However, their experiments utilized an ion exchange column, which
"according to their report,* was the source of the V¥ needed to initiate this dimerization.
In the current work, an ion exchange column was not utilized, but a similar
polymerization process likely occurred. Since V** cannot be observed using the NMR
techniques used in this work and since the total concentration of vanadium in solution
remained constant until polymerization began, the amount of V** present, if any, is very
small. I V** existed during our preparations, the source might be attributed to: (1) the
reduction of the dioxovanadate cation {observed in acidic media”):

[VEP0,] + 2H + & > H,0 + [VWOR

and/or (2) the reduction of V> to V* with 05 to form a V¥-00 moiety. This reaction has
also been reported in the literature®. McCormick et al.* concluded that the most likely route

was as follows;
HaVigOss™ + 14 H' 2 10[V7'0O,]F +8 H;0
[V¥0," + [VH*O* = Vv, + 8H,0

Vp + [VOI" 2 V, + Vy
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Vp9Vh + H

where V), is the vanadium site in the polymer, Vp* is the reactive site on polymer, and Vy, is the

hydrolyzed polymer.

We did not observe any polymerization in samples A and B until all of the
peroxovanadates had decomposed. For sample A, this occured at about 1400 minutes and in
sample B at about 1600 minutes. Since H;0; has been reported™ to oxidize V¥ to V>, it is
conceivable that the monoperoxovanadate cation oxidizes the available V*, effectively
scavenging the proposed initiator and stopping polymerization. Polymerization began either at
exactly the same time, or immediately after the monoperoxovandate cation had _entirely
disappeared. Other authors have reported that V** can be considered a polymerization
initiator.?, * In sample D, gelation began much sooner, at about 600 minutes (Figure 19),
even though the temperature was much lower. Gelation began and proceeded in the presence
of several peroxovanadates, some of which are still unknown. It is not clear whether these
were involved in gel formation or were simply trapped within the gel matrix. By 1000
minutes the entire liquid volume and the remaining species in solution were trapped within the
solid matrix. The resulting material was initially green, but within hours it had turned dark
brown. The initial green color might be attributed to the shorter chain lengths of the polymer,

or it may indicate that the gel had more than 20% of the vanadium present as v+, B

As the polymerization proceeded, broadening of the VO," peak was observed in some
of the samples. At the same time, the FWHM of the dioxovanadate Sy NMR peak in sample
A remained relatively constant. Sample B behaved quite differently, as the FWHM of this

same peak increased from a value of 493 Hz at t = 31.5 hours to a value of 1333 Hz at t = 87
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hours (Figure 20). The broadening of this peak in sample D was even greater as it was
observed to increase from 620 Hz at 600 minutes to 1200 Hz at 1800 minutes. McCormick”
et al observed some broadening of this peak, although to a much lesser extent. Most likely,
this broadening is associated with the reduced mobility of >'V nuclei in increasingly longer
polymeric chains. The interaction of observable V* with paramagnetic V¥ may cause

additional broadening.

During polymerization of samples A and B, the pH was constant. McCormick et al.
* reported similar observations in the polymerization of an ion-exchanged NaVO; solution.
Since the main source of vanadium in solution was the decavanadate ion, a large number of
H* were required [reverse of reaction 6] to convert the vanadium (in the form of H,V605")
back to VO,". They concluded that the source of H' must not be from the solution. Proposed

sources for H” were: i) hydrolysis of the dioxovanadium cation according to the reaction:
VO,(H,0),” > H" + VO, (OH)(OH,),

and/or ii) hydrolyis of the polymer by the reaction:

The pH was not observed to change significantly in our experiments as the solid was forming

(Figures 13 and 15}, so either hypotheses are consistent with our data.
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3.5 Conclusions

Our experiments indicate that several peroxovanadate dimers were involved in the
nz-peroxo ligand decomposition. These dimers were present only in excess HyO, and
were fairly unstablel. Despite this, they were present in appreciable amounts. Raman
bands for previously uncharacterized peroxovanadates were observed in several samples.
The bands at 960 cm™, 910 em™and 600 cm™ were assigned to a symmetrical neutral
dimer, [V(03)2].0(0OH,;),. This species was only present for lower pH’s (samples A and
B) and when the diperoxovanadate anion (and excess H,O;) was present. A similar
dimer was observed in sample D. Raman bands for this asymmetrical dimer
(H4[{00),0VOVO,(00)]), were observed at 955, 910, 599, and between 500-400 cm'.
Both of these dimers were major intermediates in the reactions we observed.

Solutions having lower peroxide/vanadium ratios and lower total vanadium
concentrations formed compounds having similar morphologies. The peroxovanadates present
in these samples eventually decomposed before gelation began, leaving a solution containing
the diprotonated decavanaciate ion and the dioxovanadate cation. Gelation proceeded via the
same precursors as previously reported by other authors.* > % The addition of HCI increased
the rate of solid formation, while the addition of NH4OH resulted in the expected equilibrium
species(further condensation was not observed). At higher peroxide:vanadium ratios and
higher vanadium concentrations, the process differed, and seemed to result in a different
material. Even at much lower temperatures, gelation began more quickly and in the presence
of several peroxovanadates. When gelation was complete, the agueous solution initially

present was entirely contained within the final solid gel. The morphology of this gel was
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different than previously reported.” This may be due the shorter polymer segments which

were present in this sample.

It has been recently reported® that the addition of excess hydrogen peroxide these
peroxovanadate solutions only slows the condensation process, but will not lead to a new form
vanadium oxide gel. Our results indicate that the addition of excess peroxide increases the
duration of the diperoxovanadate stability. But once the excess peroxide has been consumed,
condensation begins much sooner. In addition, at higher vanadium concentrations and
peroxide:vanadium ratios, different peroxo species were observed. Condensation began while

these species were still present and shorter polymer segments were formed.
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Figure 1. Pentagonal pyramidal structure of diperoxovanadate anion, where X is H,O.
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Table 1. Summary of Sample Preparation Parameters

Sample Vanadium Concentration Temperature( °C) n{H,O):n(V) Initial pH Final pH  pH ddjusted

(mol/dm®) Ratio
A 0.11 25 7.9 0.95 1.47 0.58 mL HCI
B 0.11 25 79 1.28 2.31 n/a
C 0.11 25 7.9 535 7.39  0.85 mL NH,OH
D 0.50 5 25 0.80 n/a n/a
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CHAPTER 4

Vanadia Gel Synthesis via Peroxovanadate Precursors.
Part II. Characterization of the Gels
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Abstract

Vanadium oxide gels derived from the reaction of H,0O, and V,0s have been
investigated using Sy MAS NMR, TGA, XRD, SEM and laser Raman spectroscopy.
Based primarily on the °'V MAS NMR and TGA results, the coordination of five distinct
vanadia sites has been detailed, which possibly include a previously unreported dimer.
The relative concentration of these sites changed as dehydration progressed, and a model
of this process has been proposed based on the numerical analysis of the NMR MAS
spectra. In addition, the coordination of the most tightly bound water has been
postulated. Depending on sample treatment, it was possible to synthesize both layered
and non-layered materials. The laser Raman spectra revealed differences between
layered and non-layered materials. These differences have been attributed to the
interaction of coordinated water molecules, which were trapped between layers and held

firmly in place, thus restricting or altering certain Raman-active vibrations.

key words: V,20s gels, °'V MAS NMR spectroscopy

" author to whom correspondence should be addressed.
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4.1 Introduction

Vanadia gels have been prepafed by polymerizing decavanadic acid, diésolving
amorphous V,0s in water, hydrolyzing alkoxides, and ion exchanging a NaVQj solution.’
Recently, a sol-gel peroxovanadate route based on the reaction of H,O, with V,0s has
been used to prepare these materials.” * In our previous publication, in situ laser Raman
and 'V NMR spectroscopic characterization of this gelation process was reported.3 The
chemistry of the gelation was elaborated: the role of various peroxovandate species and
the effects of initial H,O,/V molar ratio and total V concentration on the reaction
pathway were examined. Amorphous and layered materials could be produced by this
sol-gel route. In this paper, characterization of the solid (dried) gels is reported using
techniques such as >*V NMR spectroscopy, laser Raman spectroscopy (LRS), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric analysis
(TGA). Detailed structural information about these gels has been revealed by this
characterization.

Aldebert et al. investigated layered gels prepared by the polymerization of a
decavanadic acid solution.* XRD characterization revealed a strong 001 reflection due to
well-organized layers, and the interlayer spacing depended on water content. At room
temperature, the separation of layers was near 11.55 A (V205 - 1.6 Hy0); after heating to
120° C, layer separation was 8.75 A (V205 - 0.5 H0). A cross-linked fibrous texture
could be observed which was consistent with a well-ordered structure. These researchers
also reported vibrational spectroscopic characterization of amorphous gels prepared by
grinding amorphous V,0s with water. They reported that the short-range structure of the

amorphous V,0s was similar to crystalline (orthorhombic) V,0s, and that the addition of
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water to the gel drastically modified the Raman spectrum: a shift of the 995 cm™ band to
890 cm™ occurred, and a new band appeared at 711 cm™. Water solvation was believed to
be responsible for the shift of the V=0 band to lower frequencies, and the appearance of
a new mode was attributed to a V—OH; stretch. The general shift of vibrational bands to
lower frequencies was associated with weakened V—O bonds which indicated that the 3-
dimensional nature of the amorphous oxide had been structurally modified. Formation of
molecular or macromolecular species was postulated, although the short-range order of
the gel was still believed to be quite well-defined. Preparation of vanadia gels by the
dissolution of amorphous V,0s in water was also examined by these researchers.” The
infrared and Raman spectra of these materials were consistent with prior results:
formation of V—OH, bonds was proposed, and two different water species were
identified, including one which was almost free of hydrogen bonding. Initial adsorption
of water was believed to occur on V** sites. Gharbi et al. considered V** and V°* species
formed by the polymerization of decavanadic acid.® Coordination of the V* species
involved six (rather than five) oxygen ions, and solvation by water was believed to be
strong.

Abello et al. examined the vibrational spectra of gels having the formula V,0s5' n
H,0, where n = 0.3, 0.4, 0.6, 1.2, and 1.6.” All materials were layered, and the short
range order was closely related to crystalline V,0s. The lowest levels of water were
removed at 510 K, just prior to crystallization; therefore, this water was likely strongly
bonded or trapped during the dehydration process. For n = 0.6, an interlayer spacing of
8.75 A was related to the loss of V=0--V bridges, so that the layers were nearly

structurally independent. Significant changes in the spectra were observed at this
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composition, and an additional type of water coordination to vanadium was postulated.
For 0.6 < n < 1.4, three types of molecular coordination were considered. For n = 1.6,
filling of the interlayer space with water was likely, with excess water surrounding the
gel ribbons or fibers. Further work by this group involved a normal coordinate analysis of
the infrared and Raman spe:(:tra.8 Several structural models were considered: 1) a two-
dimensional V,0s layer corresponding to crystalline vanadia; 2) a similar two-
dimensional layer with all vanadium atoms coordinated to water; 3) a two-dimensional
fibril. Changes in the vibrational spectra for the gels were attributed to the creation of
terminal bonds on the sides of the fibrils and to the coordination of water molecules to
vanadium. These researchers proposed that the existence of a V—OH, bond with a force
constant of 1 mdyn-A" created a bonding environment very different from that for
crystalline V,Os.

Further ’work by Livage et al. discussed amorphous materials prepared by rapid
quenching of V,0s melts, including reaction with water.’ Unpaired electrons were
believed to be localized on V** sites surrounded by five oxygen atoms, and the ESR
spectra were drastically modified by the adsorption of water. These researchers were
among the first to report >’V NMR characterization of vanadia gels: a peak at about -650
ppm disappeared with hydration, but a new peak developed near -340 ppm. Coordination
of both V** and V" species were modified upon hydration, resulting in an octahedral
ligand field with a short V—O bond along the z axis and a weakly bonded water
molecule along the same axis in the opposite direction.

Hibino et al. prepared V,0Os by reaction of vanadium metal powder with an

aqueous solution of HzOz.lo A “two-dimensional” V.05 gel was formed which lost
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weight by heating in nearly one step. The structure of the 100°C-treated sample was
believed to involve lamella consisting of three a-b planes of orthorhombic V,0s in a
parallel and equidistant arrangement; random translation parallel to the layers (for the
central plane) and rotation around the ¢ axis was postulated.

Mege et al. prepared thin films of vanadia gels by alkoxide hydrolysis including
the use of nonylphenol surfactants to better control the deposition rate.'! 'V NMR
characterization of the wet gels revealed broad peaks at -512 and -532 ppm which were
attributed to protonated decavanadate anions, HmeOzgw"o'. O.ther NMR peaks were
attributed to several possible precursors/hydrolyzed intermediates or to the surfactant.

McCormick et al. also conducted *'V and 70 NMR studies of V,0s gels prepared
by the acidification of metavanadate salt solutions and suggested that polymeric chains of
vanadate octahedra were formed.'>"” Only a single resonance in the °'V MAS NMR
spectrum of the wet gel was reported at —547 ppm; no spinning sidebands were observed.
These results were consistent with a mobile polymeric chain medel in which hydrogen
bonding occurred between chains. Luca and Hook, however, did report spinning
sidebands for a specific vanadia gel prepared for a study of mesostructured vanadium
oxides."

In the current study, we report further characterization of vanadia gels prepared
by a sol-gel route involving H,O, and V.0s.> The use of several complementary
techniques has revealed new structural information about these materials. >'V NMR
techniques (including modeling of the spectra) has been particularly useful in identifying

vanadium environments that previously were not characterized.
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4.2 Experimental
4.2.1 Sample Preparation

Samples were prepared as reported previously (summary provided in Table 1).* Both
non-layered (sample B) and layered (sample B”) materials could be produced. For example, if
the reacting solution was covered and unstirred, the resulting solid remained suspended in
solution; removal of the mother liquor before drying produced a material that had a broad X-
ray diffraction pattern. In contrast, if the liquid volume was reduced and stirring was continued
during gelation, the material tended to form layers that were oriented parallel to the surface of
a substrate or the synthesis vessel.

Spin counting of the *'V nuclei by NMR spectroscopy corresponded well with the
total vanadium content determined by inductively coupled plasma-mass spectroscopy (ICP-
MS): 95 £ 4 % of the vanadium could be accounted for by NMR (V). This is consistent with
previous reports that these gels may contain only about 1 % of the vanadium as a V*
species.15
4.2.2 Surface Area

Surface areas were determined using the BET method (N, adsorption) with a
Micromeritics ASAP 2000 instrument.

4.2.3 Laser Raman Spectroscopy
Laser Raman spectra were obtained using a Coherent 532-50 diode-pumped laser (532

nm, 50 mW at the source) and were collected at 180° using a Kaiser probe head coupled via

fiber optics to a Kaiser Holospec {/1.8 spectrometer.
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4.2.4 Solid State NMR

The solid state NMR spectra of >'V were obtained at room temperature using a
Chemagnetics Infinity spectrometer operated at 9.4 T (105.17 MHz). Gels were dried at
room temperature, placed in 3.2-mm rotors, and spun at 20 kHz in a Chemagnetics magic
angle spinning (MAS) probe. Samples prepared in conjunction with TGA were examined
under the same condistions following transfer of the sample to the probe within a glove
box under Ny. Wet gels were spun at 10 kHz in a 5-mm MAS probe available from
Chemagnetics. The resolution limit for the MAS characterization has also been exaﬁnined
by spinning at 30 kHz in a 2.5-mm MAS probe using a Bruker ASX400 spectrometer.

Static z‘lnd MAS NMR spectra of °'V were obtained using a Hahn echo sequence
(am-t-m- T-acquisition) and a high RF field (100 kHz). Additional experiments
performed at lower RF fields, with and without the use of an echo, assured us that no
distortions were present in these spectra. Typically, 1000 scans were accumulated using a
relaxation delay of 0.2 s. Approximate values for the >'V Ty relaxation times were 30 ms
for sample B” and 15 ms for samples A, B, and C. Quantitative measurement of
vanadium content in the gels was performed by extrapolating the intensity of the Hahn
echo to © = 0 and referring it to a known standard (aqueous solution of ammonium
vanadate, NH4VO3) examined at the same experimental conditions. MAS spectra, which
exhibited superimposed, wide patterns of spinning sidebands were analyzed using the
QUASAR simulation program.'® Both central and satellite transitions were taken into
account during numerical simulations of the experimental data. The 'Y NMR shifts are

reported using the & scale, with positive values being downfield and referenced to VOCls.
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4.2.5 X-ray Powder Diffraction

X-ray powder diffraction data were obtained using (Cu K, radiation) and a
Seimens D500 (50 kV, 27 mA) diffractometer equipped with a diffracted beam
monochromator. The detector slit width was 0.05 %, the step size was 0.02, and the dwell
time was 1 s.
4.2.6 Scanning Electron Microscopy.

Secondary electron images were obtained on a JEOL 6100 instrument using an
accelerating voltage of 15 kV.
4.2.7Thermogravimetric Analysis.

Samples were analyzed using a Perkin Elmer TGA 7 instrument. Heating rates
were 1 °C/min in N, although selected samples were examined at rates as low as 0.5

°C/min to confirm the procedure.

4.3 Results

IV NMR spectra of as-prepared gels A, B, B, and C (Figure 1) had similar features,
both under static and MAS conditions. For all samples, the MAS spectra consisted of
superimposed patterns of spinning sidebands representing at least four distinct sites, as most
clearly recognized in the spectrum of sample B' (Figure 1¢). However, line shape simulations
unambiguously indicated that the same resonances were present in all spectra (Figure la, 1b
and 1d). The center bands for all patterns were positioned near -600 ppm, which is
characteristic of vanadates.'’ Simulations of these patterns included the effects of chemical
shift anisotropy (CSA) as well as first- and second-order quadrupolar interaction on central

and satellite transitions. Several line shape parameters describing these interactions have been
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determined by fitting the relative intensity, the quadrupole coupling constant (Cgp), the
aéymmetry parameter (1), the isotropic chemical shift (8;,), the CSA (Adcsa) and the CSA
asymmetry parameter (ncsa) for each site. An example of a simulated MAS spectrum is given
in Figure 2. The results obtained for sample B' at different temperatures of dehydration are
shown in Table 2. The principal components of the CSA tensors (83, i = 1,2,3) are also listed
in the table. We note that the simulations included the Euler angles o, § and y between the
CSA and quadrupolar tensors (not shown). However, only angle B, describing the relative
orientation of the z axes of the two tensors had a marked effect on the simulated spectra. Thus,
we reduced the number of variable parameters by using o = v = 0 throughout, in spite of the
reports that these two angles may have non-zero values.'®* For all sites, the best fits were
obtained within the range 53° < B < 79°. For example, for crystalline V.05 we obtained f =
53°, which is in excellent agreement with reference 18. The relative distributions (%) of each
vanadium site (V;) based on simulations of the MAS spectra are given in Table 3, along with
the corresponding amount of coordinated water based on TGA measurements. Broad features
present in the baseline of the MAS spectra of Figure 1a, b, and d did not reveal an additional
vanadium site: rather, they were due to partial overlap of neighboring sidebands, as confirmed
by MAS measurements for sample A at a sample rotation rate of 30 kHz. While this spectrum
(not shown) exhibited similar spectral resolution, the broad feature disappeared due to the
increased spacing between the sidebands. This broad baseline feature was not observed for the
layered sample B' (Figure 1c).

'Y MAS NMR characterization was also performed for sample A in a wet gel state

(Figure 3). In addition to the solution state resonances for VO," (at -545 ppm) and H,V 002"
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(at -426, -516 and -530 ppm), isotropic peaks and corresponding sidebands were observed for
several of the solid state sites between -550 and -680 ppm.

TGA of samples A, B, B”, and C (Figure 4) revealed that the weight percentages of
water were 18.6, 17.1, 19.2 and 18.6 % respectively, corresponding ton = 2.3, 2.1, 2.4 and 2.3
for V,0s5n H;O.

In order to more clearly distinguish the vanadium sites, >’V MAS NMR spectra were
obtained for sample B~ after various stages of dehydration following TGA (Figure 5a). The
temperature was ramped at a rate of 1 °C/min to temperatures approximately corresponding to
the endpoints of the linear regions of the weight loss curve during TGA (Figure 5b). For the
as-prepared gel at 25 °C, four vanadium sites were determined to be present (V, Va, V4, and
Vs) ; no changes in the NMR spectra were observed up to 100 °C. However, after heating to
215 °C, an additional site (V,) was revealed; simultaneously, the NMR characterization
indicated that V3 disappeared completely, Vi decreased slightly, and Vs decreased
substantially, Heating to 224 °C resulted in an increase of V; and V, while V, and Vs
continued to decrease. Vy and V, were the only sites observed after heating to 272 °C, and V;
was the only site detected after heating to 550 °C. The relative distribution (%) of these sites at
each stage of hydration is provided in Table 3.

The Raman spectra of the non-layered vanadia gels (safnples A, B and C) were very
similar (Figure 6a, b, and d). A strong band was observed at approximately 998 cm™ with a
shoulder at 1008 cm™ and relatively weak bands were detected around 700, 532, 416 and 291
cm”. A shoulder feature at about 305 cm’ was observed for each sample. The Raman
spectrum of sample B’ differed (Figure 6c¢): the strongest bands were observed at 704 and 668

cm™, and broad bands were observed at 892 and 512 cm™. Weak bands were observed at
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1027, 1019, and 349 cm™. The & (V,0y) band, observed at 404 cm’! for crystalline V,0s, was
not present.” No change in the spectrum was observed after heating this sample to 100° C
(Figure 7b). However, after heating to 215° C, several spectral changes were observed (Figure
7c). Bands appeared at 995 and 407 cm’, which were associated with vibrations for V=0 and
V20 (where Oy is the bridging oxygen), respectively. After heating to 226 ° C, the spectrum
was similar to that of V,0s (Figure 7d).

Powder x-ray diffraction (Figure 8) of samples A, B and C showed only broad, weak
diffraction peaks with some variation in intensities. Sample B' had very strong reflections
corresponding to the 00l planes, indicating a basal plane orientation of the material. The d-
spacing of the repeating unit was determined to be approximately 13.2 A.

The BET surface areas for samples A, B, B' and C were, 1.3, 1.7, 2.0 and 1.7 mzlg,
respectively. Since the surface Aareas were very low, most of the vanadium can be considered
to be in the bulk state, although formation of internal surfaces is quite common in gels.**

The SEM micrographs revealed differences in sample morphology. Samples A
(Figﬁre 9a) and B had rough surfaces with sharp or abrupt edges. Void spaces having a
diameter of approximately 10 um were apparent. The micrograph of sample B' (Figure 9b)
showed orientation of the layers parallel to the substrate surface, and large voids were not
present. Sample C (Figure 9¢) had a rough surface with smooth edges; voids on the order of

10 pm were observed.

4.4 Discussion
Measurements of the vanadium content of the samples as determined by NMR

and ICP-MS were in agreement within experimental error. Thus, the vanadium species
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were predominantly in the V>* oxidation state, and the following discussion of the solid
state data would be relevant to most of vanadium present in these samples. However, the
presence of a small concentration (no more than few percent) of paramagnetic V¥
species was likely, as indicated by short relaxation time T; of the *'V nuclei. Nayeem and

Yesionowski* have shown that the dipolar interaction of a nucleus with a thermally

averaged magnetic moment [, of a paramagnetic electron can produce a powder pattern

equivalent to that of a CSA tensor. This effect would influence the intensities of MAS
sidebands and could, therefore, influence the results of line shape analysis as summarized
in Table 2. However, two experiments were performed that dismissed this possibility.
First, additional MAS spectra were obtained between 20 and 150 °C. Analysis of these
spectra revealed that the sideband patterns for the gels were not temperature dependent.

Since [, would be inversely proportional to the temperature (CSA and quadrupolar

interactions would not), a narrowing of the MAS sideband pattern should be observed if
the paramagnetic coupling was effective. Second, a series of MAS spectra were obtained
using a reduced pulse delay between consecutive scans, to approximately one tenth of the
average T, value. This experiment would selectively increase the contribution of >'V
nuclei with shortest T;, which are expected to reside in the vicinity of unpaired electrons.
Again, no changes were observed. Finally, the results of Table 2 were well within the
range expected for diamagnetic Sy nuclei.!” For example, the vanadium site
corresponding to a V,0s-like structure (see the discussion below) had the same line shape
parameters as found for crystalline V205 by Fernandez et al."® No paramagnetic species

were present in this material *®
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Static >’V NMR spectra (Figure 1) revealed that the vanadia gels exhibited large
anisotropic broadening. Numerical simulations of such spectra were not feasible because
of the similarity and strong overlap of the CSA and quadrupolar powder patterns
corresponding to different vanadium sites. However, simulations could be performed
using the sideband patterns obtained from the MAS NMR technique for both as-
synthesized and thermally treated samples. Sample B' exhibited the best resolution under
MAS measurements (Figure 1c), and numerical analysis revealed the full set of line shape
parameters for at least four sites (see Table 2). The quality of the fit is clearly
demonstrated in Figure 2. Reliable fits for the spectra of other samples could then be
obtained by fixing these values and varying only the relative intensities. The chemical
shifts (is0) were determined to be -623 ppm (V1), -664 ppm (V3), -593 ppm (V) and
-572 ppm (Vs) (Table 2). An additional site (V,) was evident at —597 ppm after thermal
treatment of sample B” at 272 °C (Figure 5). However, its presence at room temperature
was not likely, although this could not be conclusively confirmed because of the
proximity to V4. Therefore, V, and V4 were treated jointly for the simulations.

We note that the above strategy produced remarkably unambiguous sets of line
shape parameters, which were verified by conducting extensive searches for other
possible minima in the simulation error. The patterns of spinning side bands representing
different sites were sufficiently resolved to allow for independent searches of best fitting
parameters for each site. Also, we have verified that the error introduced by varying the
parameters related to one of the interactions (CSA or quadrupolar) could not be

compensated by changing any of the remaining constraints.
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In agreement with other studies, the >’V MAS spectra for the gels were dominated
by the anisotropy of the chemical shift tensor.' "'%*” The CSA parameter (Adcsa) for all
vanadium resonances should on the order of 1000 ppm to be consistent with strongly
distorted octahedral coordination.!” Clearly, this is the case for all sites identified in our
study. Tetrahedral vanadium sites should be inherently more symmetric so that AScga
would be less than 500 ppm even in the presence of strong distortion.

The V| site was readily associated with a V,Os-type structure, as depicted in
Figure 10a. Values for &5, and Ad¢sa (Table 2) were similar to those previously reported
in single crystal' and polycrystalline'®*®** studies of V,0s. Furthermore, V| was the
only site observed after complete dehydration and crystallization of sample B~ at 550° C
(Figure 5). The charge distribution at this site was dependent on the temperature of
thermal treatment, as evidenced by changes in Cg, Ng and nesa. As sample B” was
further dehydrated, these parameters approached those previously reported for crystalline
V,0s. For example, the symmetry of the charge distribution increased after thermal
treatment to higher temperatures (demonstrated by decreasing values for Cq, ng and
Tcsa) because less water was present to separate adjacent planes. Shifts of the layers

relative to each other have also been previously reported in the XRD studies of Hibino et

al.to

The V, site also did not have associated water. TGA indicated that after heating to
272 °C, the dehydration was complete. The corresponding MAS NMR spectrum showed
that a resonance at -597 ppm (V) was still present (Figure 5a). This site had the largest

Adcsa and ncsa parameters (see Table 2): therefore, a highly distorted symmetry,
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consistent with the proposed coordination (Figure 10b), was present. Apparently, removal
of water from the gel resulted in the distorted V, sites being created.

Correlation of the TGA data with the relative abundance of sites Vi, V4 and Vs
revealed that the differences in the local environment of these sites were due to variations in
their coordination with water. Four different slopes were apparent in the TGA data for sample
B’, which indicated four temperature regions for water loss (Figure 5b). Correlation of these
regions with the corresponding MAS spectra was possible, as shown in Figure 5a, and the
structure of sites V3, V4 and Vs could be inferred. The chemical shift for site V5 was close to
that for the diperoxovanadate dimer observed in solution.® This site might be associated with a
similar dimer (Figure 10c) having one water molecule per vanadium and a bridging oxygen
atom between the V3 sites. The lower value obtained for Cq is consistent with the presence of
a Water‘molecule trans to the bridging oxygen of the dimer. In addition, the larger value
obtained for Mg could indicate this dimer was located in a terminal position in the layer (i.e.
n*~peroxo ligand on the terminal side). However, definitive evidence, such as Raman bands,
for the presence of n°~peroxo ligands in the gel could not be obtained. This is not surprising,

as the dimer site was present in small amounts (~5 %). Still, we cannot rule out the possibility

of the oxygen atoms being coordinated to other vanadium sites in a ‘dimer-like’ environment,
rather than as a n’2—peroxo ligand structure. The V5 site was fairly unstable, and this
coordination disappeared after dehydration at 215 °C. The charge distribution around site V4
was comparable to that for Vi, as indicated by similar values of Cq and 1q (Table 2).
However, the 833 component of the CSA tensor was much larger for V4, which could be due to

the presence of a water molecule coordinated to the vanadyl oxygen via a hydrogen bond
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(Figure 10d). Previous solution-phase studies using >'V NMR have revealed that protonation
of an oxygen atom or the presence of a hydrogen-bonded water molecule should not change
the vanadium chemical shift by more than 5 ppm.?® Thus, the 25-30 ppm shift difference
observed between sites V1 and V4 must be attributed to different interlayer structﬁres, as was
postulated for site V,. The Vs site had nearly the same Cq value as V3 and also had the
smallest asymmetry parameters. The most likely assignment of this resonance was a vanadium
with the oxygen atom of the water molecule directly coordinated in a trans position relative to
the vanadyl group, as shown in Figure 10e. However, a structure having an additional water
molecule coordinated to the vanadyl oxygen (see Figure 10f) could not be rejected.

The NMR spectral assignments were corroborated by comparing the concentrations of
the various detected sites relative to the amount of water lost at various temperatures (see
Table 3). Since the *'V MAS spectra of sample B' did not change after heating from 25 to 100
°C (as for the Raman spectra), water lost below this temperature was not chemically bound.
Normal tangent procedures were used to analyze the weight loss curves during TGA (Figure
5), and the percentage of water associated with each region of weight loss was determined.
The water lost from 100 — 215 °C comresponded to 39% of the bound water present initially;
the water lost from 215 — 224 °C corresponded to 51%; and the water lost from 224 — 272 °C
corresponded to approximately 10%.

The relative distribution of sites at each temperature as determined by >'V MAS NMR
could be successfully correlated with these results, and a comprehensive pathway for the
dehydration process was developed (Figure 11). Sites V3 and V4 were treated jointly in the
QUASAR simulations. However, their presence is clearly supported by the NMR and TGA

data, even though they could not be reliably separated using QUASAR due to their proximity.
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First, as noted previously, site V» (observed at -597 ppm after dehydration at 272 °C) did not
have coordinated water. To account for the amount of water determined by TGA at lower
temperatures, a water-containing site (V4) had to be present at around -593 ppm. Indeed,
closer examination of >'V MAS NMR spectra revealed that the resonance representing these
sites shifted between -593 ppm and -597 ppm as the dehydration progressed. This observation
further supported the argument that two vanadium species contributed to this resonance.
Second, by using the small changes in the observed shift and the overall stoichiometry as a
guide, a consistent description of the dehydration process could be obtained. By assuming that
a decrease in the water-containing site concentrations must be associated with a corresponding
increase in the water-free site concentrations as dehydration progressed and that no V, sites
existed below 100 °C, the following contributions of the resonance at around -595 ppm were
apparent: 0% V3 and 45% V4 below 100 °C, 32% V, and 41% V4 at 215 °C, 57% V, and 6%
V4 at 224 °C. This composition was consistent with one water molecule shared between two
V, sites and one Vs site and two water molecules being shared between three adjacent V, sites
and two adjacent Vs sites.

The *'V MAS NMR spectrum obtained after heating the sample to 215 °C showed
that the water-coordinated sites decreased in concentration as a new water-free site (V)
appeared. After heating to 224 °C, the same trend was observed although this time the site
corresponding to crystalline V,0s (V) also increased. At this stage, TGA revealed that only
0.03 moles of water per mole vanadium were present. The relative site distribution indicated
that these water molecules were most likely shared between two V, sites and one Vs site
(Figure 12). To accommodate this type of shared water coordination, one layer would have to

shift slightly in the a-b plane. This shift was consistent with the observation of V, sites. After
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heating to 272 °C, only V; and V, sites were detected. TGA indicated all water had departed
by this temperature, and therefore no water was associated with these sites. Finally, after
heating to 550 °C, only V| sites resembling crystalline V,0Qs were observed.

Discrepancies do exist in the literature with respect to the number of moles of water
present at each level of gel dehydration for specific desorption ttemperaturf:s.7‘29'30 Abello et.
al’ suggested that these discrepancies may be attributed to the various heating rates. TGA was
performed with sample B” for heating rates as slow as 0.5 °C/min, but no changes resulted.
Our work generally agrees with the report by Aldebert and Livage,* although their desorption
temperatures were slightly higher. These temperature disparities may be a result of mass
transfer limitations imposed by variations in the extent of sample layering. In agreement with
earlier studies,” the powder XRD pattern for sample B” revealed significant long-range order,
consistent with extended layering. A large percentage of the vanadium was involved in this
long-range layering since the diffraction peaks were quite strong relative to the other samples.
Apparently, water molecules could be more readily removed from this structure, and linear
weight loss slopes were observed during TGA. A random orientation of smaller one-
dimensional crystallites would probably introduce some diffusional limitations which could
affect the TGA curves for the non-layered samples (Figure 4). The diffraction patterns
observed for samples A, B and D were consistent with a layered structure in which one plane
was shifted along the a-b plane.'® However, the intensity of the diffraction peaks was much
less than that observed for sample B”, indicating that a smaller percentage (probably less than
10%) of the vanadium participated in this long-range ordered structure.

Previous literature has indicated that the interlayer distance between planes was 11.55

A for gels produced by the polymerization of decavanadic acid.* Another group has reported
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two dimensional ordering involving three layers per repeating unit, corresponding to a unit cell
size of 11.5 A; these materials were produced by reacting metallic vanadium powder with
H,0, .' The repeating unit distance for the layered materials produced in our study was 13.2
A, although it was not clear if this corresponded to an interlayer distance or if an
incommensurate layer was present.

The above >'V NMR results are distinetly different from those reported previously for
V2Os-based gels. Nabavi and Livage recorded static >'V NMR spectra of amorphous gels
produced by rapidly quenching V,Os melts.” Resonances were only detected at =328 and 658
ppm which were assigned to five- and four-coordinated sites, respectively. After hydration,

only one resonance was present at —340 ppm.” '

V MAS spectra of gels formed via ion
exchange of a metavanadate solution, as discussed by Pozarnsky and McCormick, only
showed a single broad resonance at —547 ppm; no spinning sidebands were observed."? In
contrast, the 'V MAS NMR spectra (Figure 3) of wet gels prepared in the current study
revealed several solid state signals due to the presence of corresponding spinning sidebands.
Luca and Hook reported an MAS spectrum composed of a broad pattern of spinning
sidebands centered at -559 ppm (assigned to the vanadia gel) and a weak feature (assigned to
an ammonium hexavanadate impurity)."* Discrepancies in the NMR results reported by these
researchers cannot be readily explained; clearly, their synthesis procedures produced different
gels.

Despite these differences in the NMR results, the laser Raman characterization was
quite similar to that reported by Sanchez et al.*! The Raman spectra for hydrated amorphous

vanadia produced by cooling the molten oxide were nearly identical to the Raman spectra

reported for the non-layered samples in our study. The Raman spectra obtained for the
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layered sample (B”) were very different from those obtained from the non-layered samples but
were nearly identical to those reported for amorphous V20s which was hydrated by grinding
with a known amount of water.>! Sanchez et al. concluded that the differences in the Raman
could be attributed to the manner or extent in which water had modified the vanadium
coordination. However, the same differences were observed in the Raman spectra reported
here but >’V MAS NMR showed no evidence of the uniqueness of this sample. In fact, the
NMR clearly showed that water was coordinated in the same fashion in all of the gels. NMR
spectroscopy is regarded as providing short-range order information and Raman spectroscopy
generally provides short- to medium-range order information: therefore the two spectroscopic
techniques would be expected to be consistent. A possible explanation for the discrepancies is
that water molecules trapped between the layers were held firmly in place so that they might
constrict or alter certain bond vibrations. This model is supported by correlating the Raman
spectra of sample B” with the 'V MAS NMR results. At 100 °C, a Raman band at 672 cm’
(Figure 7b) was observed. Previous work has assigned this band to a V-OH, vibration." After
| heating to 215 °C, this band had nearly disappeared. The corresponding 'y MAS NMR
spectra (Figure 5) showed that Vs was the only site to decrease significantly during thié period.
Since we know that the same Vs site is present in both the layered and non-layered materials,
the observed band at 672 cm™' in the layered sample might be attributed to a V-OH, group,
with the water molecule held firmly in position (as it would be if shared between V4 and Vs
sites) and thereby creating a link between layers. A similar analogy can be drawn looking at
the Raman and *'V MAS NMR data at 215 °C and 224 °C (Figure 7¢ and d). At 215 °C, a
Raman band was observed at 1028 cm™. After heating to 224 °C, this band had disappeared.

The corresponding Sy MAS spectra (Figure 5) revealed that after thermal treatment from 215
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°C to 224 °C, V4 was the only site that had decreased substantially. Therefore, the band at
1028 cm™ can likely be assigned to this site. If hydrogen-bonded water coordinated to V, was
held firmly in place (trapped between layers) and thus restricted the V=0 vibration, the

frequency of the observed Raman band might be shifted.

4.5 Conclusion

Prior to dehydration of the vanadia gel, Sy MAS NMR revealed the presence of at
least four ordered vanadium chemical environments, several of which have not been
previously detected in vanadia gels. The key difference in many of these sites was the manner
in which water is coordinated. The line shape parameters and the relative intensities of these
sites were obtained from the simulation of MAS NMR spectra. The sites present before
dehydration corresponded to: 1) vanadium with a water molecule coordinated frans to V=0;
2) vanadium with a water molecule coordinated with the oxygen of the V=0; 3) vanadium in
a “crystalline V;0s” environment; and 4) vanadium in a ‘dimer-like’ environment. The
distribution of these sites changed as dehydration progressed and a new site not involving
coordinated water was observed by °'V NMR at -597 ppm. This site appeared during gel
dehydration and was present until the material crystallized to form V,0Os. Based on the
numerical analysis of MAS NMR spectra, a detailed model of the transformation of the gel
structure during dehydration was proposed. The Raman spectra of the layered and non-layered
samples were different. Since the MAS NMR results indicated that the -electronic
environments around the vanadium nuclei were similar in both the layered and non-layered
samples, the differences in the observed Raman bands may have been caused by interaction of

the coordinated water molecules which were trapped between the vanadia layers. This
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interaction may have constricted the V=0 and &(V,0) vibrations. There was no evidence for

this interaction for the non-layered samples.
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~ Figure 2. Representative sample of numerical line shape simulation (QUASAR) vs.
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Figure 5. (a) *'V MAS NMR spectra (isotropic region) of sample B” at various degrees
of hydration and (b) TGA weight loss curve for sample B".

Figure 6. Laser Raman spectra of (a) sample A, (b) sample B, (c) sample B” (d) sample
C and (e) crystalline V,0s.
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Laser Raman spectra of sample B~ at (a) 25°C, (b) 100 °C, (c) 215 °C and (d)
226 °C.

Powder XRD patterns of dried samples: (a) sample B”, (b) sample B and (c)
sample C. The XRD pattern of sample A was nearly identical to that of
sample B.

SEM micrographs of (a) sample A, (b) sample B” and (c) sample C. The
micrograph of sample B was nearly identical to that of sample A.

Postulated structures of vanadium sites: (a) vanadium pentoxide (V)), (b)
vanadium pentoxide with shifted sub-unit below (V,), (¢) vanadium dimer
with a water molecule coordinated to each V site (Vi), (d) vanadium oxide
with one water molecule hydrogen-bonded to the vanadyl oxygen (V4), (e)
vanadium oxide with one water molecule coordinated trans to the vanadyl
oxygen (Vs) and (f) vanadium oxide with two water molecules, one hydrogen-
bonded and one trans-coordinated to the vanadyl oxygen.

Relative concentration of vanadia sites during dehydration (%).

Postulated coordination of most tightly bound water.
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Figure 1. Static and MAS 3'V NMR spectra of (a) sample A, (b) sample B,
(c) sample B” and (d) sample C, taken at 25 °C.
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Figure 3. (a) 'V MAS NMR spectrum of the wet gel (sample B) taken at
10 kHz. (b) Spectral region between -200 and -1000 ppm with superimposed

liquid species (o) and MAS sideband patterns. Spinning sidebands are marked with
asterisks (*).
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Figure 5, (a) 3'V MAS NMR spectra (isotropic region) of sample B” at various

degrees of hydration and (b) TGA weight loss curve for sample B”.



102

SO A suIeIsSAlo (3) pue O opdures (p) , g ofdwes (o) ‘g ojdwies (q) ‘v ajdures (e) jo vioads uewrey] Iose] 9 210814

[;-tmo] IequunuaAem
00 00c 00F 00S 009 0OL 008 006 OOOF OOLI

Zs
L69

SSE
El¥
[A3Y

£0L

N
?\J\Aﬂ

&
€1
68
zEs
f0L
866 866
= a




103

"0 922 (P) PUB Do ST (2) Do 001 (A) “D0ST (B) 18, g o[dures jo e1oads uvurey] 1ase] “/ 23]

[;-io] Yoquinuasem
00¢ goe 00y  00S 009 00L 008 006 0001 OQOII

(P)

SO¥
2:34
0ee
E0L
£66

9......_
2 2




104

-¢f o1dures Jo yey) 0 [eonuap! Ajleau sem y odures jo
wianed (Y 941 -D odwes (o) pue g ojduwes (q) ¢, g ojdwes (&) :sojdures paLip jo suoned X 19pmod "§ 21031

0z
€9 £g 1% 7% £e Y4 el
ﬂrnr ] “ﬂ — |-||\|I.H| [ 1 [ H
@
0¢
£9 €S tr £€
e Y i SN e gt Ar— A o .
" \ )
@

f A.-wv Qwv




105

(b)

Figure 9. SEM micrographs of (a) sample A, (b) sample B” and (c) sample C.
The micrograph of sample B was nearly identical to that of sample A.
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T[°C] V, Vv, v, v, V.

.RT-100 18 5 45 32
215 17 32 41 10
224 35 57 6 2

V/\/ /
272 69 31
550 100

Figure 11. Relative concentration of vanadia sites during dehydration (%).
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Table 1. Sample preparation

Sample C; Temperature{ °C) n(H,0:)/n(V) Initial pH Final pH S'cf.mple Solid Formed Surface Area (m/g)
A 0 25 79 0.95 147 DemnlewH$:$§u1 stiring  amorphous 1-2
B ol 25 : 19 1.28 231  Decanted/ without stiring  amorphous 1-2
B 011 25 7.9 1.28 2,31 Stirred and volume reduced layered 1-2
C 0350 5 25 0.30 nfa Decanted/ without stirring  amorphous 1-2

Table 2. Quadrupole coupling constant (Cq in MHz), quadrupolar asymmetry parameter
(ng), isotropic chemical shift (8;5, in ppm), chemical shift anisotropy (Ad¢sa in ppm), and

CSA asymmetry parameter (fcsa) obtained by QUASAR simulations® of 'V MAS NMR
spectra for sample B”.

Site Temp[{°C] Cq Mg Biso” ABcsa®  Mesa® S 8n” 833"

Vi 25-100 134 090 -6225 -862 049 -194 476 -1197
215 133 045 -6185 917 051 -157 469 -1230
224 133 045 -618.9 917 051 -157 469 -1230
272 083 008 -6194 920 000 -313 313 -1233
350 086 010 -6194 960 000 -299 209 -1259

V.+V, 25-100° 139 060 -5932 -1180 0.62 45 444 -1380
215 171 100 -592.6 -1000 030 -156 -359¢ -1259
224 170 100 -594.6 -887 015 255 343 -1186
272 1.61 098 -5972 -1583 (.81 358 497 -1653

Vi 25100 076 0.94 6636 -1096 053 -105 492 -1394
Vs 25-100 073 031 5723 -106% 014 -le6  -266  -1285

V205 25¢ 0.81 004 -609.0 -890  0.20  -252  -372 -1202
25! 0.83 006 -609.0 956 024 214 -367  -1246

a) The data were obtained with the following accuracy; Cq: + 0.05 MHz; ng and nesa:  0.05; 800 =
1.0 ppm; Adcsa and 8y + 5 ppm,

b) Chemical shift tensor parameters i, Alcsa, Ncsa. and 8; are related as follows: 8, = Yo (B + 8x2
+ 833); ABcsa = *2-(B33 - Siso); Nesa = Bz - 811)/(833 - Biso) AsSUMING 1833 - Bigol = 1813 - Bisol 2 1825 -
51'501-

¢) assuming V, only.

d) V,only,

e) reference 20.

f) reference 23.
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Table 3. Relative concentrations of V; sites and number (n) of coordinated H,O
molecules per V,Osin the vanadia gels obtained by QUASAR calculations of
1V MAS spectra and TGA, respectively.

Sample  Temp[’C] n v, Va4V, Vs Vs
A 25 2.30 16.3 54.8 3.7 252
B 25 2.10 204 495 41 25.9
B' 25 2.40 18.1 447" 47 32.5
100 0.69 18.1 4.7 47 32.5
215 0.40 174 72.1 0.0 10.4
224 0.06 351 62.7 0.0 2.2
272 0.00 69.3 30.7° 0.0 0.0
550 0.00 100.0 0.0 0.0 0.0
C 25 2.30 16.9 50.9 3.8 28.3
a) V,only;

b} 'V, only,
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CHAPTER 5

0 MAS and 3QMAS NMR Investigation of Crystalline V,0s
and Layered V,05 -nH;0 Gels

C. 1. Fontenot**, J. W. Wiench*, G. L. Schrader** , and M. Pruski**

Department of Chemical Engineering” and
Ames Laboratory — USDOE*
Iowa State University
Ames, 1A 50011

Abstract

The environments of oxygen sites in crystalline V,0s and in vanadia produced via
sol-gel synthesis have been investigated using O MAS and 3QMAS NMR. For
crystalline V,0s, three sites were observed: V=0 (vanadyl), VO (bridging), and V50
(comner-sharing). Line shape parameters for these sites were determined from numerical
simulation of the MAS spectrum. For the vanadia gel, assignments have been proposed
for several oxygen sites including: at least two vanadyl sites, two bridging oxygens and
two corner-sharing oxygens. Based on the ?O MQMAS and 'V MAS NMR results, the
coordination of the water sites has been detailed, and the evolution of these sites during
dehydration has been established. Upon re-hydration of the layered gel, a preferred site
for initial water re-adsorption was observed. Surprisingly, the oxygen atoms of these re-
adsorbed water molecules readily exchanged into all of the oxygen sites of the gel even at
room temperature. These oxygen-exchanged sites in the gel persisted upon thermal

treatment to 550 °C.

key words: V,0s gels,""0 MAS/MQMAS NMR spectroscopy

" anthor to whom correspondence should be addressed



112

5.1 Introduction

Metal oxide applications include semiconductor components, as well as various
types of catalysts and ceramics. The role of oxygen in the applications of these materials
is frequently of great importance: for example, for oxidation by reducible metal oxides,
the reactive lattice oxygen species directly participates in the catalysis. Our group
recently reported results for the selective oxidation of 1,3-butadiene over vanadia-
molybdena oxide gels,"” which were prepared via the peroxo sol-gel method.” We found
that that even at relatively low temperatures (275 °C) these catalytic materials were
active, and such products as maleic anhydride, furan, crotanaldehyde and epoxybutene
could be formed.

Often, metal oxides are utilized in a non-crystalline state, which can make their
characterization challenging. Recent advances in solid state NMR allow for better
characterization of disordered materials, such as gels or glasses. Magic-angle spinning
(MAS) and various RF driven manipulations of spins can be used to average the first-
order interactions that broaden the observed line shapes (mainly chemical shift
anisotropy, CSA, and the dipolar coupling). Examination of half-integer quadrupolar
nuclei such as "O (I = 5/2) requires the use of more complex techniques, including
muliiple-quantum magic angle spinning (MQMAS) NMR, so that second-order
quadrupolar broadening can be eliminated the high resolution (isotropic) spectra can be
obtained. In addition to site resolution, the quadrupolar parameters, such as the
quadrupole induced shift (QIS), can be obtained using these techniques.

Although MQMAS measurements of oxygen are challenging due to the very low

natural abundance of O nuclei (<0.03%), most samples can be enriched and studied
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under appropriate conditions. The majority of solid state 'O NMR studies have focused
on materials containing Si and/or Al. Several studies report the detection of OH g‘roups,
but there are few reports of observing chemisorbed water. The sites of water adsorption
in catalysts are of particular interest in light of reports which have indicated that water
addition to hydrocarbon feedstocks can significantly alter both the activity and selectivity

of several metal oxide catalysts," ™

including those prepared from vanadia gels."” Several
TPD™" and computational™” studies of water adsorption on crystalline V,0, have been
reported. The only "O NMR investigation of vanadia gels published to date,
by McCormick et al.,” investigated gels formed by the acidification of metavanadate salt
solutions. Although the same species were present in solution at the time of gelation, their
gels were quite different than those prepared for this study by the peroxo-method. They
concluded that mobile polymeric chains of vanadate octahedra were formed as the
gelation progressed and that hydrogen bonding occurred between these chains. Several
resonances in the "0 MAS NMR spectrum of the wet gel were identified and assigned to
V=0, V-0-V, V-OH, and one type of V-OH,site.

Oxygen exchange from water into solid state sites has been previously reported
for several oxides, although usually a large amount of thermal energy was required for
the exchange to occur. For example, the exchange of O from adsorbed water into ZSM-
5 was investigated by von Ballmoos et al.” Nearly all sites oxygen sites were observed to
exchange within one hour under steaming conditions at 873 K. The water-induced
cleavage of Si-O-Si and Si-O-Al bonds was thought to give rise to the formation of

hydroxyl groups. The exchange of O from adsorbed CO, into zeolite A and AIPO,-5,

was reported by Endoh et al.” and Taksihiet al.,” respectively. They concluded that the
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highly reactive oxygen sites in the zeolites were associated with defects or amorphous
Iegions.

We have previously reported studies of the peroxo-based sol-gel synthesis of
vanadia gels using "'V liquid state NMR and Raman spectroscopy.’ Subsequent
characterization of the hydrated gels used solid state 'V NMR and TGA.” In the current
work, we use recently developed 'O NMR techniques to elucidate the structural role of
oxygen in crystalline V,0, and vanadia gels. Sites for water coordination in the hydrated
gel and the role of re-adsorbed water were investigated. Based mainly on NMR results,
supporting evidence has been obtained that is consistent with previously proposed™ sites
for water adsorption. In addition, evidence was obtained for room temperature oxygen

exchange between re-adsorbed water and several oxygen sites of the gel matrix.

5.2 Experimental Section

Results are reported for two layered samples prepared using H,'’O (sample I) and
H,'%0 (sample I). The synthesis method used for sample II has been reported previously:2 a
0.1 M peroxovanadate solution was prepared by addition of 30% H,0, (Fisher Chemicals) to
a 0.1 M shurry of de-ionized non-enriched water and V,05 (Alpha Aesar) at 25°C. In order to
minimize the dilution of O nuclei in the gel and to conserve "O-enriched water during the
synthesis of sample I, 50% H,0, was added to a slurry of V,0s in 40% H," 0 (Isotec) and
held at a constant temperature of 2 °C. Thus, the resulting H,0,/V and H,"’O/V molar ratios
were 3.5 and 11.5, respectively. For the subsequent dehydration experiments, sample I was
theated to the desired temperature, then cooled to room temperature under N;. The sample

was loaded into the NMR rotor under Ns.
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For the rehydration experiments, sample II was prepared as described above
(without Hzn()). The sample was heated to 224 °C in flowing Nj, cooled to room
temperature (under N), and placed in a N; environment enriched with H2170 vapor. The
sample was kept in this environment at 20 °C for 2 days so that re-adsorption of H,''O

could occur.

5.2.1 Solid State NMR Spectroscopy. Solid state NMR spectra of *'V and "0 were
obtained using a Chemagnetics Infinity spectrometer operated at 105.17 MHz and 54.2
MHz, respectively. Samples were placed in 3.2-mm rotors and spun at 20 kHz in a
Chemagnetics MAS probe. All of the experiments were performed at room temperature
following transfer of the thermally treated samples to the probe within a glove box under
dry N,. Shifts are reported using the & scale, with positive values being downfield as
referenced to VOCI, and water for "'V and 'O, respectively.

'V MAS NMR spectra were obtained using the Hahn echo sequence (2w -T-T-

T - acquisition) and a high RF field of 100 kHz. Additional experiments performed at
lower RF fields, with and without the use of an echo, ensured that no distortions were
present in the reported spectra. Typically, 1000 scans were accumulated using a
relaxation delay of 0.2 s.

The "0 MAS experiments used an extended Hahn echo pulse sequence with 16
phase cycling to eliminate acoustic ringing.” A delay of 2 s between the scans was
required to ensure complete relaxation for all resonances in these experiments. For the
two-dimensional experiments (3QMAS), a delay of 500 ms was sufficient for the sites

being examined and thus was used in order to shorten the over-all acquisition time. Still,
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due to the small concentration of "O nuclei and the limited overall efficiency of the
3QOMAS experiment, acquisition times of up to 3 days were required. The 3QMAS
experiments employed the standard Z-filtered method.”

Numerical simulations of the 170 and 'V MAS spectra of crystalline V,05 were
performed using QUASAR * These simulations included the effects of the chemical shift
anisotropy (CSA) as well as first- and second-order quadrupolar interactions; both central
and satellite transitions were considered. Several line shape parameters describing these
interactions have been determined, including the quadrupole coupling constant (Cg), the
asymmetry parameter (1g), the isotropic chemical shift (§;s,), the CSA (Adcsa), and the
CSA asymmetry parameter (ncsa). In addition, the isotropic ‘chemical shifts were
determined directly from the 'O 3QMAS spectra.?®
5.2.2 Thermogravimetric Analysis. Samples were analyzed using a Perkin Elmer TGA
7 instrument. Heating rates were 5 °C/min in N,

5.3 Results
53.1 'V NMR. For all samples, the *'V MAS spectra consisted of superimposed
patterns of spinning sidebands representing up to five sites (Vi, i = 1, 2 ...5). The

previously proposed®

coordination for these sites has been provided in Figure 1. The
resonances present in sample I (Figure 2a) were consistent with those reported and
discussed in the previous study.” Both the site distribution and the corresponding line
shape parameters were determined based on simulations of the MAS spectra (Table 1).
However, the different synthesis procedure (compared to our previous studies) used for

sample I resulted in some differences in both the TGA weight-loss curves and the relative

concentrations of vanadium sites. For sample I, resonances at —580, -593, -620 and ~660
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ppm were observed at 25 °C (see Figure 2a). These were previously assigned® to Vs, Vg,
V; and Vj sites, respectively. Following the thermal treatment to 224 °C, the resonance
corresponding to the V; site vanished while an additional resonance, previously ascribed®
to the Vy site, was observed at —=597 ppm (Figure 2a). Although the V, and V, sites could
not be resolved by >'V NMR, strong evidence for the presence of two sites in this region
(only one of which was coordinated with water) has been previously discussed.” The *'V
spectrum obtained after heating to 272 °C contained resonances at —580, -597 and —620
ppim, and corresponded to Vs, V4+V, and Vi sites, respectively (Figure 2a). Following
thermal treatment to 350 °C, only one resonance at —620 ppm remained (Figure 2a),
which was assigned to vanadium sites similar to those for crystalline V,05 (V).

Prior to rehydration of sample II, the >’V NMR characterization (not shown) and
TGA analyses (Figure 3c, as synthesized) were identical to those reported earlier.?
However, rehydration was not reversible in the sense that it resulted in a different
distribution of sites and a different response to further thermal treatment (Figure 3a, 3c
and Table 2). TGA for samples I and II in their as-prepared state indicated 16 to 17 wt. %
water, corresponding to V,0s " 2.0 HyO. Only half of that amount (8.5 %) was found in
sample II following thermal treatment to 224 °C and subsequent rehydration (Figure 3c).
The TGA results were consistent with >’V MAS NMR characterization that indicated
(Figure 3a) the V sites did not fully rehydrate and were the predominant species at 25 °C
(Table 2). Among the water coordinating sites, Vs was the most abundant: the preferred
site for readsorption of water under these conditions apparently was trans to the vanadyl
oxygen. Again, in agreement with the previous work, the concentration of this site

decreases first; although in these studies it declined at temperatures less than 100 °C. As
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expected, the V,, Vi and V, sites gradually transformed to V; sites upon further heating
to 350 °C.
5.3.2 0 NMR. To facilitate identification of the 'O NMR assignments, the oxygen

sites have been labeled O,

” where 1 = 1, 2, ...5 denotes the corresponding vanadium site

(as discussed above) and j = A, B, ... F indicates the type of oxygen site, (A = singly
coordinated, B = doubly coordinated, C = triply coordinated, D and E being the linear
bridging and n’-peroxo of the dimer and F the coordinated water, as shown in Figure 1).
Nearly all assignments were made based on the spectra of sample I; scrambling may have
occurred during thermal treatment of sample II, and only low temperature (25 and 70 °C)
sample spectra were considered in making the "O assignments. A total of ten different
oxygen species were observed including the oxygen of chemisorbed water. A summary

of the assignments and corresponding ranges for the observed shifts has been provided in

Table 3.

Oxygen sites were distinguished using 1’0 MAS (Figures 2b and 3b) and 3QMAS
(Figures 4 and 5) NMR. The "0 MAS NMR spectra consisted of superimposed patterns
of spinning side bands representing several oxygen sites with wide CSA patterns. The
center bands for the different sites were present in three general regions: 1400-1100 ppm,
800-700 ppm, and 600-200 ppm. A previous 'O NMR HETCOR study of the
decavanadate anion in solution” and a 170 MAS NMR investigation of a chain-structured
vanadia gel”® indicated that the V=0, V,0 and V30 resonances for those materials were
observed in the 1450-1050, 800-700 and 500-400 ppm regions, respectively. In our
studies only resonances between 600 and 200 ppm were detectable for the 3QMAS

experiments. Most likely, the spectral region between 1400 and 1100 ppm unobservable
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due to small Cq values for the vanadyl sites; resonances for the bridging oxygen sites
expected between 800 and 700 ppm were not detected due to lar'ge CSA values. The Cq
and CSA values obtained for these sites from the simulation of the O MAS spectrum of
crystalline V,0s were consistent with this explanation, as indicated in Table 4 (O, and
O1p).

For the as-prepared sample I, several oxygen resonances were observed in the
vanadyl region of the MAS spectrum (Figure 2b). Other resonances were observed at
700 ppm and in the 600-200 ppm range. The number of sites contributing to fhe spectrum
between 600 and 200 ppm could not be determined from the MAS spectrum alone, as it
contained a number of superimposed powder patterns representing the central transition
of several resonances. Surprisingly, a minimum of five sites in this region was revealed
by the 3QMAS method (see the isotropic dimension in the spectrum of Figure 4 and
Table 4). The isotropic chemical shifts corresponding to these sites were 328, 343, 377,
410, 474 and 507 ppm. No changes were observed in the MAS or 3QMAS spectra
following heating of sample I to 100 °C. However, after heating to 224 °C, the changes
had occurred in the general line shape of the V=0 region, and a new peak was observed
at about 1350 ppm (see Figure 2b). Resonances at 780, 705 and between 600 and 200
ppm were still present. The corresponding 3QMAS spectrum revealed that the resonances
previously observed at 343, 377 and 474 ppm had decreased (see Figure 4). After
thermal treatment to 272 °C, vanadyl resonances in the 170 MAS spectrum were observed
at 1326 and 1210 ppm (Figure 2b). The resonances at 700 and between 600-200 ppm
were still quite strong, while the center band corresponding to 787 ppm had weakened.

Resonances were observed in the 3QMAS experiments at 331, 375, 413, 460 and 511
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ppm (Figure 4). After heating to 325 °C, resonances in the MAS spectrum were observed
at 1337, 1211, 792, 700 and between 600 and 200 ppm (Figure 2b). At this stage, the
3QMAS spectrum revealed strong peaks at 462 and 408 ppm along with a weaker
resonance at 375 ppm (Figure 4). Following heating to 350 °C, the MAS spectrum
contained resonances at 1211, 795 and 444 ppm (Figure 2b). After heating to 550 °C,
these same resonances were observed although the FWHM of each peak had decreased,
which was consistent with a crystallization process. During the dehydration process, the
lineshape corresponding to the vanadyl region of the 'O MAS spectra changed (Figure
2b). This is likely due to changes in the lineshape parameters for these sites. This is
consistent with our previously reported 'V MAS NMR study, which indicated that the
lineshape parameters of the corresponding vanadia sites had also changed during this
process.”

The O MAS and 3QMAS NMR spectra of rehydrated sample II were
surprisingly similar to the corresponding spectra of sample I (comparisons of Figures 2b
and 3b and Figures 4 and 5). The main differences involved the signal at 377 ppm (only
observed in the 3QMAS spectrum of sample I) and the signal at —-602 ppm (only
observed in the 3QMAS spectrum of sample II at low temperatures). The similarity of
these results indicated that 1) incorporation of 'O nuclei from H,'"O took place under the
mild conditions used during rehydration, and 2) oxygen had apparently exchanged into
all sites in the gel However, it should be acknowledged that during the subsequent
thermal treatment, further oxygen scrambling was possible.

3QMAS experiments do not always yield reliable quantitative information since

changes in the quadrupolar coupling constant Cq, the asymmetry parameter n and CSA
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can affect the efficiency of multiple quantum transfers. However, the values for the
quadrupolar product Pq = Co(1 + 1/3)"? as determined from the MQMAS spectra, were
between 3.0 and 4.2 MHz for the observed sites. Since 0 < m <1, the Cq, values for each
site should be within 1.6 MHz of each other. Assuming no large changes in the CSA, the
expected efficiency for each site should be within about 20% for the experimental
conditions used in our work. Using these assumptions, the observed intensities yielded a
semi-qualitative representation of the site populations.
5.4 Discussion

Previous reports have indicated that the amorphous vanadia gels crystallize into
orthorhombic V,0; following thermal treatment at 350 °C.* Our assignments and
discussion focus first on this material since its structure is well understood. The X-ray
diffraction studies of crystalline V,0, indicated that only one type of vanadium site (V)
and three different oxygen sites (see Figures 6a,b) exist.” The *V MAS spectrum of our
sample treated at 350 °C (Figure 6¢) was consistent with this structure, and the QUASAR
simulation yielded line shape parameters similar to those published earlier.®” The
corresponding "O MAS NMR spectra and line shape simulations (Figure 2b and Figure
6d) clearly revealed three distinct resonances at 1214, 833 and 480 ppm. Based on the
liquid state NMR studies of similar oxygen environments,” these resonances have been
assigned to the vanadyl oxygen (O,,), the doubly coordinated bridging oxygen (O,,} and
the triply coordinated oxygen (O, ), respectively, as shown in Figures 6a,b. For the V=0
and V,0 oxygen gel sites, our assignments are similar to those made by McCormick et al.
in a solid state NMR study of a chain structured vanadia gel.” However, McCormick et

al. did not observe any V,O oxygen sites. The large CSA value for the vandyl oxygen
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(0,,) obtained via the simulations of the "O MAS spectrum (Table 4) was consistent with
previous studies of organic doubly-bonded oxygen compounds.” The C, values
calculated for each oxygen site were found to be in the order: O, > O, > O,,.
Interestingly, this trend was consistent with the calculated populations of the p, orbitals
[perpendicular to the (001) plane] of these nuclei in crystalline V,0,.”

Only V, and V, sites were present in sample I after thermal treatment to 325 °C
(Figure 2a). The "O MAS and 3QMAS NMR spectra (Figures 2b and 4) revealed three
new resonances at 1350 ppm, 700 ppm and 408 ppm, designated as O,,, O, and O,
respectively. Thus, O,,, O, and O, were assigned to the vanadyl, the doubiy-coordinated
and the triply-coordinated oxygen species of the V, site. Note that the O,, species was not
detected at 25 °C, which was consistent with our previous hypothesis™ that V, sites were
not present in as-prepared samples but were created at the expense of V., V, and 'V, sites
as water molecules were released.

The strong resonance at around 700 ppm in the "O MAS spectrum was observed
at temperatures <325 °C. At 325 °C it was assigned to O,,, a site that does not exist at 25
°C. The presence of this peak at 25 °C can be reasonably explained by assigning it to
similar types of oxygen sites, specifically O, and O,,. The observed downfield shift of
this resonance from 704 to 696 ppm with progressing dehydration reinforces the idea that
it represents more than one species. A similar argument can be made for the resonance at
around 400 ppm, which shifted between 400 and 420 ppm during dehydration. This
resonance corresponded to O, at 325 °C, O, and O, at 25 °C, and a mixture of all three

species (O,., O, and O, ) at the intermediate stages of hydration.
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Another resonance, at about 375 ppm, was identified in the 3QMAS spectra for
sample I at 272 °C (Figure 4). It was previously proposed™ that the water remaining at
the last stage of hydration was shared between two V), sites and a Vs site. Therefore, the
0 resonance at 375 ppm was assigned to this species and labeled as Ouqsp. A residual
amount of this species may still be observed under 3QMAS at 325 °C (Figure 4). Even at
room temperature, this resonance was strong in sample I (Figure 4), indicating that this
type of coordination was prevalent in the as-prepared gel.

Following heating of sample I from 25 to 224 °C, the most significant changes in
the *V NMR spectra (Figure 2a) involved the V, and V. sites. The relative
concentrations of V, and V; sites decreased from 11 to 0% and 38 to 10%, respectively
(Table 1). Comparison of the 'O 3QMAS spectra (Figuré 4) obtained at these
temperatures indicated that the resonances at 328, 343, 375 and 474 ppm had also

decreased. The resonance at 375 ppm was already assigned to shared water O The

aasF
resonance at 328 ppm can be most easily assigned by examining the rehydrated gel. The
31y NMR spectrum of sample II at 25 °C (Figure 3a) indicated that, except for V;, the
most prevalent vanadium site was Vs. The corresponding 3QMAS spectrum revealed
that the resonance at 328 ppm (Osg) was also dominant. Upon heating sample II to 70 °C,
both the Vs site concentration and the intensity of the resonance at 328 ppm (Figure 5)
decreased. This strongly suggested that the resonance at 328 ppm corresponded to water
coordination at the Vs site (Osg). There is no spectroscopic evidence that thig water is
shared with any other V; site.

The assignments of the remaining, relatively weak resonances at 343, 477 and 507

ppm in the 3QMAS spectra were less clear. The lines at 343 and 477 ppm vanished
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between 25 and 224 °C (although the resonance for O,, at 462 ppm made this
determination somewhat ambiguous for the signal at 477 ppm), which was in concert
with the dissapearance of the V, site. If our earlier assignment of the V, site to a dimer™
was correct, the resonance at 477 ppm would correspond to a 1*-peroxo oxygen (Osg) in
the dimer. Two n*-peroxo oxygen resonances of a similar diperoxovanadate species in
solution were observed at 444 and 464 ppm in a previous study.** The resonance at 343
ppm might then be assigned to the expected coordinated water molecule of the dimer
(Osp). The peak corresponding to the bridging oxygen (Osp) of the linear V-O-V group of
this dimer might be expected in the vanady! region (1500-1100 ppm) due to the possible
7 character of this bond.” However, this region was not resolvable in the 7O MAS
spectrum and thus more conclusive evidence for the presence of this bridging oxygen of
the dimer was not obtained. The weak resonance at 507 ppm in the 1’0 3QMAS spectra
for sample I decreased in intensity as dehydration progressed, which is a strong indication
that this resonance was related to a site that contained water. Since this resonance was
present after V3 had disappeared and the oxygen sites associated with Vs have been rather
unambiguously assigned, association with those sites is very unlikely. The presence of
the oxygen resonance at 507 ppm did coincide with the presence of the V, sites so a
plausible explanation could involve water coordinated to a single V, site.

The 'O signals for water coordinated to V** oxide species in solution were
previously reported” in the 0-100 ppm region, while the signal for a triply coordinated
water in the chain-structured vanadia gel was reported at 220 ppm.'® The triply
coordinated oxygen species present in decavanadate anions have been reported at about

440 ppm.?” The signals for all of the coordinated water in our gels fell within the 300-500
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ppm region, which seemed consistent with triply coordinated oxygen. Thus, it seems
likely that the oxygen atom (O,) of the water molecule of the V, site was triply
coordinated, most likely hydrogen-bonded to another bound water molecule. An example
of such a hydrogen-bonded structure was proposed by Livage, * where one OH bond of
water was in the same direction as the V=0 bond.

The general types of water coordination proposed for the gel studied in this work
are consistent with those predicted in the computational studies by Yin et al. of adsorbed
water onto the most thermodynamically stable (010) plane of crystalline V,0.." These
simulations indicated two preferential adsorption sites for water: 1) water molecule
hydrogen-bonded to (bridging) two vanadyl oxygens and 2) oxygen atom of water
molecule coordinated directly to the vanadium atom. The additional water coordination
sites we have proposed for our multi-layered gels include: a water molecule shared
between two V, sites and a V, site, a water molecule associated with a dimer (V,) and a
water molecule shared between one V, site and a V, site. Additional adsorptive
computational studies on the (001) plane reported by Ranea et al. concluded that the
preferred site for water adsorption on crystalline V,0, at room temperature involved the
vanadyl oxygen.” Clearly, the gel layers cannot be considered to be exposed surfaces,
and the adsorption sites may be expected to differ from those found in crystalline V,0,.

The rehydration experiments involving H,''O were initially undertaken with the
intent of simplifying the assignments of the water adsorption sites. The discovery that
oxygen had exchanged under such mild conditions from adsorbed water to the oxygen
sites in the gel was quite surprising. Except for the absence of the signal at 377 ppm

(O44sp) in sample I, the 7O MAS and 3QMAS spectra for samples I and II were nearly



126

identical at every stage, indicating that oxygen had exchanged into nearly all of the
oxygen sites in the gel. The lack of oxygen exchange into the Ouqsp site at 25 °C was not
surprising, since this was the only type of water not removed before rehydration.
However, following thermal treatment of the rehydrated sample to 224 °C, this water site
was detected, indicating that some form of mobile oxygen was present during thermal
treatment. The 'V MAS NMR results of sample I at 25 °C indicated that water
preferentially re-adsorbed trans to the vanadyl oxygen, creating a Vs site (Figure 3a, 25
°C). Since the V; sites might be expected to be fairly stable, and no V; sites were present
following rehydration (no Oz, sites), the re-adsorbed water probably coordinated with a
V, site, thereby creating a Vs site. It is interesting that for the rehydrated gel (sample II),
some of the water lost below 100 °C was chemisorbed (Vs site). This was in contrast to
sample I, where the water lost below 100 °C was solely physisorbed.

Several possible exchange mechanisms may be responsible. According to
conductivity measurements,”’ the H' species in the layered gels are quite mobile. This
would suggest a partial or complete dissociation process occurring with the adsorbed
water. Partial dissociation:

H,0-> H +OH
yields OH and H' species. Complete dissociation:

H,0-> H +OH

OH > H' + 0¥
results in O and H' moieties being produced. Considering the reactivity of the oxygen
species (i.e. the relative ease of oxygen exchange), the O™ species, which is a product of

complete dissociation, may be more likely. Since the O” species would be very unstable
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(and therefore reactive), its existence would probably depend on the presence of a
catalyzed process or a resonance structure. The presence of a coordinated water molecule
trans to the vanadyl oxygen could give rise to a short-lived resonance structure, such as
the one depicted in Figure 7. Since the coordinated water (Osg) resonance of this structure
was observed at about 320 ppm, and the V=0 (Os,) was thought to be observed at about
1100 ppm, an oxygen signal for such a resonance structure might be expected at about
700 ppm. An unassigned 'O signal, which was observed only in sample II at 25 and 70
°C at approximately 602 ppm, may correspond to such a structure. These resonance
stabilized oxygen atoms would conceivably be very reactive and might be expected to
exchange into the gel oxygen sites.

The discovery that the oxygen of water exchanges so readily with the oxygen sites
in the gel may indicate that these layered materials are suitable for very low temperature
oxidation catalysis and work is underway to determine the activity of these materials.
Using these 170 labeled catalysts, it should now be possible to determine what oxygen
site(s) are responsible for each insertion in the selectively oxidized products. Additional
experiments are underway to examine the underlying fundamental phenomena (i.c.
dissociation, competitive adsorption, changes in bond strength) which were found to
result in improved catalyst activity and product selectivities caused by the addition of

water to the feedstock.
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Table 1. Sample I: Quadrupole coupling constant (C in MHz), quadrupolar asymmetry
parameter (ng), isotropic chemical shift (8, in ppm), chemical shift anisotropy {AS¢sa in

ppmy), and CSA asymmetry parameter (Ncss) obtained by QUASAR simulations™® of 31V
MAS NMR spectra.

Temperature (°C) v, % § ° Cq Ny  Adcsa®  Tesa”

25 v, 13.1 625 0.86  0.05 -862 0.26
VaaVd 4553 594 144 1.00 -1032 0.62
Vs, 5.8 661 120 066  -1096  0.20

Vs 356 -574 1.32  0.00 -883 0.64

224 Wy 21.3 -616 086 0.01 -960 0.24
Va+Vy 742 -5393 1.70 079 -848 0.50

Vs 43 -574 1.32 0.00 -883 0.64
272 Vi 13.6 -620 079  0.18 960 0.24
VoV, 814 -593 1.1 o7 -823 0.31

Vs 5.0 -574 1.32  0.00 -883 0.64

325 Vi 28.6 -620 079 0.18 -960 0.24

VaVys 714 -393 145 063 -887 0.58

350 ' Vi £00 -623 0.86 0.10 -960 0.00

a) The data were obtained with the following accuracy: Cq: + 0.05 MHz; 1o and nega: & 0.05; 80 £ 0.5
ppm; A8csa and 8y + 5 ppm.

b) Euler angels between CSA and Q tensors (o, B, v in degrees) reported in Lterature for V,0s5 are
varying between 0 and 180 degrees, which has been explained elsewhere.” For our results, the B
angle was found to be in the range 53-79 deg., while « and y were kept at 0.

¢) Chemical shift tensor parameters 8., ABcsa. Ticsa, and 8 are related as follows: 8, = Ya-(8yy + 8y +
B33); ABcsa = (B3 - Biso); Ncsa = B2z - 8110833 - Biso) assuming 18ss - Sisol 2 18y - Bisol 2 1823 - Bisol.

d) V,only.

e) V;only.
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Table 2. Sample II: Quadrupole coupling constant (Cq in MHz), quadrupolar asymmetry
parameter (1)), isotropic chemical shift (d;s, in ppm), chemical shift anisotropy (AScss in
ppm), and CSA asymmetry parameter (1|csa) obtained by QUASAR simulations™® of *'V
MAS NMR spectra. |

Temperature (°C) V; % B ° Cq Ny ABesa”  Nesa’

25 Vi 31.6 -616 144  0.39 -857 0.54
VotV 193 -593 140 056  -1020 0.73
V3 7.9 -659 120 0.66 -885 0.20

Vs 41.5 -569 143 044  -1096 099

150 v, 20.7 -618 133 0.55 -846 0.54
VarVy 669 -394 138 050 -1004 0.74
V3 2.1 -639 1.20  0.66 -885 0.20

Vs 10.3 =569 143 044  -1096 0.99

224 \A 26.0 -617 1.55  0.64 -855 0.54
VotV 674 -593 144 056 1019 0.73

Vs 6.5 -569 143 044 -1096 0.99
272 Vi 64.7 -616 074  0.03 -980 0.13
Va+Vy 3338 -392 170 1.00  -1054 0.46

Vs 1.5 -569 1.43 044  -1096 0.99

350 Vi 100 -623 086 0.10 -960 0.00

a) The data were obtained with the following accuracy: Cq: + 0.05 MHz; ng and nesa: * 0.05; 8 £ 0.5
ppm; Adcga and 3y: + 5 ppm.

b) Euler angels between CSA and Q tensors («, i, v in degrees) reported in literature for V.05 are
varying between 0 and 180 degrees, which has been explained elsewhere.” Therefore, we used
angle in the range 53-79 deg., while o and y were kept at 0,

¢) Chemical shift tensor parameters Si,, ABcsa, Nesa, and 8y are related as follows: Sig = Y3-(Byy + 8z3 +
833); ABesa = o (B33 - Biso); Ticsa = (B2 = 811)/(Bs3 - Biso) assuming [833 - Sygol 2 1811 = Sisol 2 182 - Bisal-

d) V,only.
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Table 3. Isotropic chemical shifts and Pq values for samples I and II determined from 1’0
3QMAS NMR spectra

site chemical shift (ppm) range  Po (MHZ) range
Oic 460-471 3.5-4.0
Oac O4c Osc 400-420 2.9-3.5
O:e 474 43
Osp 343
Oyr 507-515
Osg 328-332
Oy4s 375-377
7 602

Table 4. Results of numerical simulation (QUASAR) of 170 MAS spectrum of
crystalline V,0s.

Bisa Adega Mesa Cq Mg
Vi -620 960 0.2 0.9 0.1
Oia 1213 2600 1.0 0.9 0.6
Oz 824 450 0.4 4.0 0.7
Oic 474 0 0.0 3.3 0.6
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CHAPTER 6
VMoO Gel-Based Materials Synthesized via Peroxovanadate Precursors. 1.
Evidence for a Supersaturated Solid Solution.
A Manuscript Submitted to Chemistry of Materials (2001)

Craig J. Fontenot**, W.D. Schroeder**, and G. L. Schrader***

Department of Chemical Engineering” and
Ames Laboratory - USDOE*
Iowa State University
Ames, TA 50011

Abstract

Vanadium-molybdenum oxide gels derived from the reaction of mono- and
diperoxovanadates with an ammonium molybdate solution have been investigated using
XRD, laser Raman spectroscopy, TGA, and TPD. Based on the laser Raman and powder
x-ray diffraction results at intermediate stages of thermal treatment, evidence for the
presence of a supersaturated solid solution phase is reported. Surface areas could be

increased by exchanging the water trapped in the gel matrix with a lower surface tension

solvent.

key words: vanadium oxide gels, molybdenum oxide gels, XRD, laser Raman, solid solution
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6.1 Introduction

Mixed metal oxide are known to have interesting catalytic properties, and in
several cases, the formation of solid solutions has been shown to be important for
superior catalytic performance."® Previous research has demonstrated that the relative
concentration of each component can be optimized to achieve improved activity and/or
selectivity. Some catalyst preparation techniques, such as precipitation/calcination or
solid-state synthesis may produce established equilibrium phases. However, sol-gel
synthesis techniques offer an opportunity to produce new materials which may include
metastable or supersaturated phases. In our research, we have been investigating new
catalytic materials which may be promising for the low temperature selective oxidation of
hydrocarbons such as 1,3-butadiene.

In our previous publications, in sifu laser Raman and >V NMR spectroscopic
characterization of the synthesis of vanadia gels by a peroxo-based process was reported
along with characterization of the subsequent vanadia gels.”® The nature of the
vanadium-oxygen coordination was determined, and the coordination of water had a
significant role in the modification of these vanadia gel sites. Our group has recently
reported an investigation of the selective oxidation of 1,3-butadiene over VMoO gel-
based materials prepared via the peroxo method.*® The selectivity to maleic anhydride
increased as more molybdenum was incorporated into the solid solution phase, but the
concentration of molybdenum in the solid solution has been reported to be limited to 10-

10,11

16 mole % at equilibrium. However, our work suggested that if this solubility limit

was surpassed, higher selectivities to desired selective oxidation products was obtainable.
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Several methods for the addition of molybdenum to these vanadia oxide gels has
been reported, along with limited characterization of the resulting materials. However,
studies of the gel to crystalline phase transformation and the effect of molybdenum
concentration on the structure have not been reported in the literature. Layered VMoO
gels having the stoichiometry HyV5..M0,031 £y - nH,O (x =0, 0.5, 1, 2, and 3) were
made by Zacharova et al. by reacting a mixture of molybdenum acid (H;MoO; - 1.3 H,O)
and V,0s with H,0,.'"> Their work examined the frequency dependence of the
conductance and capacitance and determined values for the carrier mobilities. Mobility
in the direction parallel to the VMoO layers was reported to be 4 orders of magnitude
greater than the mobility perpendicular to these planes. They also reported that the
conductance and capaci;ance depended on the relative humidity of the surrounding
environment, but only when some molybdenum had been incorporated into the vanadium
gels.

Another route to layered VMoO gel materials was reported by Dingsan et al.
using peroxovanadate precursors and molybdenum metal.”> They reported synthesizing
thin films of hydrated VMoO gels having the stoichiometry H;V12,M0,03; 1 4 - nH;O
(x=0.25). The TGA and XRD results indicated that the compounds had a layered
structure with V>* and Mo® ions being well distributed in the films. The humidity
sensing properties of this film were evaluated and the conductance and capacitance was
reported to increase in an exponential fashion with increasing relative humidity. They
also reported that the sensor had excellent long-term stability, reversibility, and

reproducibility.
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Dunn et. al reported synthesizing aerogel-like VMoO gels using alkoxide
precursors.”® This study focused on an ambient pressure drying technique which replaced
the water molecules trapped in the gel matrix with a lower surface tension solvent.

In the current work, laser Raman spectroscopy (LRS), powder x-ray diffractioﬁ
(XRD), temperature programmed desorption (TPD) and thermogravimetric analysis
(TGA) were employed to characterize VMoO gels of varying composition. Detailed
structural information about these gels has been revealed by this characterization along

with the temperatures of water and ammonia desorption.

6.2 Experimental
6.2.1 Sample Preparation

Samples A-D were prepared by reacting an aqueous peroxovanadate solution with a
molybdate solution at room temperature. The 0.26 M peroxovanadate solutions were
prepared by reacting crystalline V,Os (Alfa) with 30% wt. H,O, (Fisher) using a Hy0,:V,0s
molar ratio of 25. Pﬁor characterization has revealed that these solutions consisted mostly of
the diperoxovanadium anion, although small amounts of the monoperovanadium cation and
the neutral diperoxovanadate dimer were also present. The molybdate solutions were prepared
by dissolving ammonium molybdate [(NH,);MoQ4] in de-ionized water. Results are reported
for four samples having 3.3, 14.0, 26.4, and 45.5 mole % MoQs in V,0s and will be referred
to as samples A, B, C and D, respectively. The molar percent of MoO, in the samples was
calculated as: moles MoOs/ (moles MoOs; + moles V,05) to facilitate comparison with the
published equilibrium phase diagrams.'®"" The stoichiometry of the as-prepared samples as

described by the general formula (1\II~L4+);3y HyVizy M0,Osoip has been provided in Table 1.
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Unless otherwise specified, the thermally treated samples were heated in Nj and then cooled
quickly in Nj.
6.2.2 Laser Raman Spectroscopy.

Laser Raman spectra were obtained using a Coherent 532-50 diode-pumped laser (532
nm, 50 mW at the source) and were collected at 180° using a Kaiser probe head coupled via
fiber optics to a Kaiser Holospec /1.8 spectrometer.

6.2.3 X-ray Powder Diffraction.

X-ray powder diffraction data was obtained using a Seimens D500 (50 kV, 27
mA) diffractometer equipped with a diffracted beam monochromator (Cu K, radiation).
The detector slit width was 0.05 %, the step size was 0.02, and the dwell time was 1 s.
6.2.4 Thermogravimetric Analysis.

Samples were analyzed using a Perkin Elmer TGA 7 instrument. Heating rates
were 5 °C/min in N, although selected samples were examined at rates as low as 2
°C/min to confirm the procedure.

6.2.5 Differential Scanning Calorimetry
Samples were analyzed using a Perkin Elmer DSC 7. Heating rates were 5 °C/min.
6.2.6 Temperature Programmed Desorption

Samples were analyzed in a quartz micro-reactor using a helium purge rate of 40
sccm. A Varian 3600 gas chromatograph with a PorapakQ 80/100 colamn was used to
separate the water and ammonia peaks. The column, TCD detector filament and TCD

detector were held at 150 °C, 275 °C and 200 °C, respectively.
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6.2.7 Surface Area.

Surface areas were determined by the BET method (N, adsorption) and the pore size
distribution was determined by the BJH method. A Micromeritics ASAP 2000 instrument
was used for both measurements.

6.3 Results

Laser Raman characterization of the as-prepared samples (Figure 1) revealed that
sample A had a spectrum similar to a previously reported layered V,0s gel° Raman spectra
for samples B and C were similar to each other and showed very broad bands consistent with a
disordered V,Os-like material® The spectrum for sample D clearly differed from the other
samples and contained even broader bands; the strongest having a maximum at about 730 cm’
1.

Laser Raman spectra for the samples calcined at 350°C/ 4h in dry air (Figure 2).
revealed band positions that were similar to that of both crystalline V,0s'® and amorphous
V,0s" although the bands were weaker and slightly broader. As the molybdenum loading
was increased a shift was observed for the vanadyl band, (992 em”? in crystalline V,0s) as
illustrated in Figure 3,

In general, the powder x-ray diffraction results for all as-prepared samples (Figure 4)
revealed weak peaks that were consistent with a previously reported mixed phase vanadia gel
containing a layered phase and an amorphous phase.® However, Sample D differed sligh‘d)‘/
| and contained several additional peaks around 26 = 28", X-ray data was also collected for
samples B and D after successive stages of thermal treatment in Np. For sample B (Figure 5),
after each progressive stage of heating up to 325 °C, the diffraction patterns remained

relatively similar. However, after thermal treatment to 400 °C, the diffraction peaks
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corresponding to a Mo-substituted V,0s solid solution appeared. Upon further ﬁemﬂ
treatment, these features became more distinct, until the expected equilibrium solid solution
phase was identified at 570 °C. For sample D (Figure 6), thermal treatment to 300 °C resulted
in the appearance of diffraction peaks that were consistent with V,MoQg and/or VoMoO, 51
Also, the presence of the peak at 28 =10.7° for sample D at 300 °C was consistent with the
presence of an intermediate layered phase having a d-spacing of 8.3 A . Upon further heating,
additional diffraction peaks appeared that were consistent with both a Mo-substituted V,05
solid solution and VoMoQOy and/or VoMo O, 5.

The x-ray data for samples thermally treated at 350 °C for 4 h in dry air indicated
(Figure 7) that some crystallization had occurred. Comparison of the x-ray diffraction patterns
corresponding to samples A-D indicated that more more distinct diffraction peaks could be
observed for the samples containing less amounts of molybdenum (samples A and B), while
the samples containing higher concentrations of Mo (samples C and D) showed relatively
weaker peak intensities and broader features. Powder x-ray data was also collected for each
sample after thermal treatment at 570 °C for 10 h; solid solution formation was apparent for
samples A and B and a mixed phase of a solid solution with V,MoQg and/or V,;MoO;5 for
samples C and D was detected.

Temperature programmed desorption (TPD) studies indicated that both water and
ammonia desorbed during thermal treatment. For all samples, ammonia desorbed from 100 -
450 °C with a maximum at 360 °C and water desorbed in two regions: below 150 °C and from
350 - 380 °C with a maximum around 360 °C.

Thermogravimetric analysis (TGA) of samples A-D (Figure 8) revealed a decrease of

between 12-14 wt. % upon heating to 530 °C. Generally, there seemed to be four regions of
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weight loss: the first at less than 125 °C, the second from 125 - 285 °C, the third from 285 -
340 °C, and the fourth from 340 - 375 °C. Differential scanning calorimetry (DSC) analysis
results were similar for each sample; a large endothermic peak was observed around 350 °C
and a smaller exothermic peak around 570 °C.

Followiﬁg thermal treatment to 100 °C for 4 h. samples A, B, C and D had surface
areas of 1 - 2 m%g. Surface area analysis after solvent exchange with n-pentane for 10 days
followed by thermal treatment at 350 °C for 4 hours showed that the surface areas for samples
A, B, C and D had increased to 3.3, 12.6, 6.1 and 15.5 m®/g, respectively. Pore size
distribution analysis (BJH method) for these solvent-exchanged samples indicated a bi-modal

distribution with one maxima between 100-150 A and the other < 17A.

6.4 Discussion

Previous reports have indicated that VMoO solid solutions are expected at MoO,
concentrations of less than either 10 mole %'° or 16 mole %' MoQ;. The solid solution phase
has been shown to be substitutional, in which Mo®" directly replaces V** in the orthorhombic
V,0Os crystal structure, In this solid solution, charge neutrality is maintained as V>* reduces to
V* when Mo®* is substituted into the lattice. When the concentration of molybdenum exceeds
the solid solution solubility limit, an additional phase appears. There is discrepancy in the
literature as to the composition of this additional phase, but either V,;MoOs '® or VeMogOyo "
have been reportedly observed.

For the reaction of V,05 + MoQs, Volkov et al. reported that the source of the Vv was

the solid state reaction:™
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V205 + y& 2 VoOsy+ y O
and
(V1aM0:):054y+ 28 2 (V1.M02)205,y; + 20O

However, since ammonium and water were present in these materials, the redox
chemistry may have been more complex. Nevertheless, EPR studies of these gel-based
materials did indicate the presence of V*, as we will discuss in a subsequent publication. ™

Additional XRD characterization was performed on samples B and D after successive
stages of thermal treatment in N, since these fell on each side of the solid solution limit. For
the as prepared sample B (Figure 5), the diffraction pattern was consistent with a layered
structure. As thermal treatment progressed to 325 °C, the peak at about 260 = 8.2° began to
increase in intensity and to shift to smaller scattering angles. This shift, which indicated an
increase in the interlayer distance, was surprising since previous reports of similar layered
V105 - nH,O gels indicated that the interlayer distance decreased as water was driven out upon
heating. At temperatures greater than 325 °C, peaks corresponding to the presence of the solid
solution appeared and became more intense. The XRD results for the as prepared sample D
(Figure 6) indicated that as thermal treatment progressed, a relatively strong peak appeared at
20 =10.7°, which probably was a more pronounced indication that the layered structure had
formed (d = 8.3 A). At this stage, other peaks had appeared that corresponded to V,;MoO; or
V2MoOy7s. At higher temperatures, crystalline phases begin to form in this sample, mostly
V2MoO;g or Vo;MoOyzs and a small amount of the solid solution. These high temperature
results were consistent with the equilibrium phase diagram.

Interestingly, the XRD results for the samples heated in dry air (Figure 7) were

somewhat different from those heated in N, (Figures 5 and 6). This is readily apparent for
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sample D where more crystallization occurred when the same sample was heated in N, at 300
°C, than when the sample was heated in air for 4 h at 350 °C. This seems to indicate that for
these gels, the presence of oxygen plays a significant role in the crystalline phase fbrmation.
Morette et al* previously reported the reduction of VoaMoOg with Hy: reduction may also
occur due to the presence of NH," in these' Inaterials.

Previous laser Raman characterization of VMoOQ solid solution behavior revealed that
the vanadyl band shifted to lower wavenumbers as the concentration of MoQO; was
increased.” Furthermore, this trend was shown 1o be linear in the solid solution regime which
provides another indication of solid solution formation for the gel samples. The Raman
spectra for the samples calcined at 350 °C for 4 h in dry air (Figure 2) revealed that the
vanady! band shifted to lower wavenumbers as a function of the molybdenum concentration.
The plot of the observed V=0 Raman band versus mole % MoQ; clearly revealed a linear
trend, at least up to 26 mole % MoO; (Figure 3). This exceeds the previously reported limits at
10-16 mole % MoO;, and thus the phase can probably be considered to be supersaturated.

Further evidence for a supersaturated phase was obtained from the x-ray data.
Comparison of the diffraction patterns (Figure 7) of the thermally treated (350 °C for 4 h in
air) reveals two distinct trends as the molybdenum concentration was increased: (1) the degree
of crystallinity decreased, and (2) the diffraction peaks also shifted. In addition, the x-ray data
for sample D (Figure 7) revealed additional peaks at 20 =11.3° and around 26 = 28.3°, which
indicates that the layered structure is still present at this intermediate temperature. Previous
reports have indicated that for VMoO solid solutions, the peak positions shift to reflect
changes in the d-spacing which occurs during the incorporation of the larger Mo®* ion into the

V,0s framework.” Furthermore, in the solid solution regime this change was reported to
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increase linearly with the incorporation of molybdenum. Following thermal treatment to 350
°C for 4 h in dry air, the peak maxima locations corresponding to the 101 plane
(20 =21.7°) and the 110 (26 = 26.1°) were consistent with this linear trend (Figure 9), even up
to 45.5 mole % MoQ; (sample D). This suggests that the crystalline portion of this material
was a supersaturated solid solution. The peaks for sample D might also be assigned to the
VaMoQOg or VoMoO; s phases 17.18 (Figure 6). Nevertheless, the x-ray data is conclusive for the
formation of a supersaturated solid solution up to 26 mole % MoQ; (sample C). Subsequent
heating above 570 °C did result in the expected equilibrium phases.

A previous attempt at forming such a supersaturated solid solution was reported by
Hirata et aL.'® They reported that quenching the oxide melt did not increase the molybdenum
solubility. The lower temperatures used in the sol-gel route are probably a major factor in
allowing for the presence of non-equilibrium phases, which may not be possible using other
synthesis techniques.

Surface area analysis did not indicate any trend with increasing molybdenum content.
This was somewhat surprising since powder x-ray analysis indicated that the amorphous
portion of these gels was stabilized as more molybdenum was added. However, since these
gels were dried at ambient conditions (xerogels), the predominant factor affecting surface arca
was probably the drying process (particularly the mechanism for water loss). Since water has
a large surface tension, pores may collapse as water is driven-off during heating. A previous
report indicated that solvent exchange for water can produce materials with higher surface
areas.'® In this work, experiments were completed in which the water present after synthesis

was replaced with a lower surface tension solvent such as n-pentane. The sample was covered,
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allowed to exchange for 10 days, then uncovered and dried at room temperature. The

exchange of the solvent resulied in somewhat higher surface areas (~10-20 m%/g).

6.5 Conclusions

Layered and amorphous mixed phase VMoO gel matedals may be formed via the
peroxo sol-gel method. The amorphous nature of the gel was stabilized as the molybdenum
concentration was increased. The laser Raman and powder x-ray diffraction results obtained
after thermal treatment at 350 °C for 4 h in dry air indicated the presence of a supersaturated
solid solution for samples containing up to 26 % MoQs;. When heated to 570 °C the expected

equilibrium phases were formed.
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Figure 2. Laser Raman spectra of VMoO gels after thermal treatment at 350 °C/ 4 hin
air.

Figure 3. Shift of V=0 wavenumber as a function of mole % MoOs
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Figure 4. Powder XRD of as-prepared a) sample A, b) sample B, ¢) sample C, and d)
sample D

Figure 5. X-ray diffraction patterns for sample B at: a) 100 °C, b) 300 °C, c¢) 325 °C, d)
400 °C, e) 550 °C and f) crystalline V,Os.

Figure 6. X-ray diffraction patterns for sample D at: a} 100 °C, b) 300 °C, ¢) 325 °C, d)
400 °C, &) 550 °C ) V,MoO7s0r VaMoOg ""and g) crystalline V,0s.

Figure 7. Powder x-ray diffraction results samples heated in air at 350 °C/4 h for a)
crystalline V,0s, b) sample A, c) sample B, d) sample C, e) sample D [x 10].

Figure 8. Thermogravimetric analysis of a) sample A, b) sample B, ¢) sample C, and d}
sample D.

Figure 9. Peak location of a) (110) plane and b) (001) plane versus mole % MoO;
[samples treated at 350 °C/4h in dry air]
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Table 1. Summary of As-Prepared Gel Composition: HyViz2.y M0yOsosz (NHg )y
Sample % MoO;* y

A 3.3 0.20
B 14.0 1.00
C 26.4 2.15
D 45.5 5.0

* calculated as mole MoOs /(mole MoQ; + mole V,05)
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 General Discussion

In general, the peroxovanadate solution sol-gel process can be thought of as consisting
of two parts: 1) the decomposition of the peroxo species and 2) cation hydrolysis leading
to gelation. By controlling the synthesis conditions, both layered and amorphous
compounds can be created. However, the type of water coordination observed in these
gels was found to be identical no matter what the long-range order. The current work
clarified many of the discrepancies found in the literature and offered much new valuable
information. Highlights include the types of vanadium environments present at various
stages of hydration, the role of adsorbed water, oxygen exchange from adsorbed water
into the gel sites, and the ability to create metastable VMoO solid solution phases. These
results could have a variety of impacts on future catalysis research.
7.2 Recommendations for Future Research

Neither the layered vanadia gels, nor the supersaturated solid solutions have been

investigated for catalytic activity, and both could prove interesting. Since the sites of
water chemisorption are now understood, studies attempting to explain the effect of water
in the feedstock could be undertaken. An exploration of the dynamic process involving
the oxygen exchange from water to gel sites could provide.additional insight or
opportunities for use of this material as an oxidation catalyst or possibly an
electrocatalyst. Finally, the synthesis procedure is readily adaptable to include other

peroxo-metal species. For example, preliminary results indicated that a rhenium-peroxo
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species could be formed. Thus, binary or ternary catalysts could be synthesized and
evaluated for catalytic activity.

The role of each specific oxygen site is of great interest in selective oxidation
catalysis. Since we have been able to synthesize an oxygen site labeled (*’O) catalyst,
future work could involve microreactor studies with such a labeled catalyst, so that the
role of each oxygen site can be understood. Using the same labeled catalyst, further work
could be undertaken to determine the sites of oxygen addition in the selectively oxidized
products, thereby providing greater insight into the fundamental phenomena occurring on

the catalyst surface.
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APPENDIX A

PARTIAL CHARGE MODEL (PCM) APPLIED TO THE PEROXOVANADATE
SOL-GEL SYSTEM

4,1 General

The following equation relates the electronegativity of the species in solution to the pH

of the solution;

x(H") = x(H:0) = 1(C) = 2.732 - 0.035 pH

A graphical representation of this relationship can be seen below. This relationship gives us

the expected electronegativity of the species found in solution as a function of pH.
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The PCM was applied to the species observed in Samples A and B. The
electronegativities were calculated using the equations previously mentioned in Chapter 1.
For example, since various hydroxylized forms of the VO," cation could conceivably exist, we
can calculated the predicted electronegativity of each, and compare these to what we expect

from the pH model.

The various forms of VO," can be written in general form as:

[VO,(OH)y(OHy)y.5.,] &7 20

and now using equation 9,

J,{3+N ;58+(N-x) ;;IC_’I +136(z-y - 2x)

1 4 N-x
V¥

X, =

N_,
V15

%v can be calculated for the various forms of VO,*.

4.2 Results

Polymerization took place in sample 1 at pH = 1.45 , and in sample 2 at pH = 2.4,
Using the PCM we can determine how well the model predicts the experimentally observed

species. These results are summarized in the following table:
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Hydrolyzed Species of VO,* o (calculated) v (predicted from pE)!  + (predicted from pH) >
vo.L0 2.67 2.69 265
[VO,(OH)(H,0)5] 2.56 2.69 2.65
[VO(OBEYH,0).** 2.76 2.69 2.65
[VOOH),(H,0)s]* 2.67 2.69 2.65
[VO(OH);(H,0)]° ¢ 2.56 2.69 2.65

¥ Species predicted by Livage™

! pH =145

pH=21

This same procedure yielded values for the species listed in the following table:

Species y (calculated) ¥ (predicted from pH)'  y (predicted from pH)*

VO(0,)(OHy)5* 271 2.69 2.65
VO(O.)(OHy) 2.56 2.69 2.65
[V(02),1,0(0H,)° 273 2.69 2.65
[VigOusl™ 247 2.69 2.65
[HV1eOa) ¢ 2.52 2.69 2.65
[H,V100:5]* 2.56 2.69 2.65
[H; V10041 2.60 2.69 2.65
[(HyV1o0n]" ¢ 2.64 2.69 2.65
$ Not observed experimentally
! pH=145
2 pH=21

Interestingly, the model seems to predict that both VO, and [VO(OH),(H,0)s]*
would be observed in both samples 1 and 2 as polymerization occurred. VO,* was observed
using >V NMR, while [VO(OH),(H;0):]* was not. If [VO(OH),(H,0);]* was present, it had
a short life-time and was not observable on the NMR time scale. If it did exist in solution, and
if we were to presume that it was the short-lived precursor to polymerization (instead of
[VO(OH)3(H,0),]° which was theorized by Livage, we wouldn’t expect to necessarily see
linear chain formation, which is what was observed experimentally. Therefore, it is unlikely

that this species existed in solution.
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