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The cocondensation reactions of molybdenum trioxide vapor with

tetraalkoxysilanes, trimethylalkoxysilanes, and hexamethyldisilox-

ane at -196°C were investigated. The products from the metal vapor

reactions of tetramethoxysilane, tetraethoxysilane, and tetrapro-

poxysilane were characterized as molybdenum(VI)dioxodialkoxy com-

pounds. The isolated compounds were found to be polymeric in the

solid state by bridging through alkoxide groups. Metal vapor reac-

tion of trimethylmethoxysilane gave an inseparable mixture of molyb-

denum(VI)alkoxysiloxy compounds which were also polymeric in na-

ture. The metal vapor reactions of tetra-2-butoxysilane and tri-

methyl-t-butoxysilane gave butenes as a primary organic product and

an uncharacterized blue molybdenum-containing solid. All products

isolated in this study were sensitive to atmospheric moisture and

light. The molybdenumdioxoalkoxy and molybdenumdioxoalkoxysiloxy

compounds are good model compounds for the oxidation of alcohols.

Decomposition studies of Mo(0)2(0Me)2 and Mo(0)2(0Me)x(OSiMe3)y



yielded oxidation products of methanol, including dimethylether,

formaldehyde, methyl formate, and dimethoxymethane. The reactivity

of Mo(0)2(0Et)2 towards acidic protons was used to attach the molyb-

denum(VI)dioxo group to the surface of alumina (A1203), silica

(Si02), titania (Ti02), zirconia (Zr02), and HY-zeolite. Chemical

analysis and infrared spectroscopic studies indicate that dioxo-

molybdenum is attached to the support through bridging oxides be-

tween the support metal and molybdenum. The +2, +4, and +6 oxida-

tion states of the surface attached molybdenum could be accessed by

oxidation or reduction with 02 or H2, respectively. A survey

of the catalytic nature for oxidation, metathesis, and Fischer-

Tropsch synthesis of the supported molybdenum compounds in appro-

priate oxidation states was made. Dramatic differences in the ac-

tivity and selectivity for oxidation of alcohols were observed de-

pending on the support used. The TiO2 supported Mo(VI) showed

the highest activity and selectivity for the oxidation of methanol

to formaldehyde. The A1203 supported Mo(IV) system was the most

active catalyst for propylene metathesis with the Si02 supported

Mo(IV) system showing much less activity.
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STUDIES IN MOLYBDENUM CATALYSTS. I. METAL VAPOR REACTIONS OF
MOLYBDENUM TRIOXIDE WITH VARIOUS ALKOXY SILANES. II.

INVESTIGATIONS OF OXIDE SUPPORTED MOLYBDENUM CATALYSTS PREPARED
FROM MOLYBDENUM(VI)DIOXODIETHOXIDE

I. METAL VAPOR REACTIONS OF MOLYBDENUM TRIOXIDE

WITH VARIOUS ALKOXY SILANES

INTRODUCTION

Since Skell and Wescott first reacted carbon vapors with

organic substrates at -196°C in 1963,1 the area of metal vapor

chemistry has grown steadily. As of this writing there are hun-

dreds of papers discussing the results of experiments using the

method of Skell and Wescott, or variations of their method.2'3

In the past, this laboratory has used metal vapor reactions to

synthesize novel organometallic compounds and to investigate the in-

teractions of organic compounds with highly reactive metal atoms.4'5'6

More recently the interactions of volatile metal compounds, primar-

ily molybdenum trioxide, with a wide variety of organic substrates,

have been explored.7'8

Molybdenum and its oxides and sulfides are used extensively in

industry as catalysts. Table 1 is a partial list of industrial

reactions that currently employ some form of molybdenum as the

catalyst in the transformations. The metal has a rich coordination

chemistry and five relatively accessible oxidation states; this,

combined with its refractory nature, makes molybdenum an excellent

candidate for use as a heterogeneous catalyst.
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Table 1

Reactions Catalyzed By Molybdenum Oxides and Sulfides

Type of Reaction Example

Hydrodesulfurization thiophene C4H10 + C4H8 + C4H6 + H2S

organic sulfur * hydrocarbon compounds

Hydrodeoxygenation THE * C
4
H
10

+ C
4
H
8
+ C

4
H
6
+ H2O

Hydrodenitrogenation quinoline * propylbenzene + NH3

indole * ethyIbenzene + NH
3

Oxidation methanol -. formaldehyde

propene -. acrolein

Ammexidation propene + NH
3
-. acrylonitrile

Epoxidation propene + H202 -. propene oxide

Metathesis propene * butane + ethylene

Polymerization ethylene * polyethylene

Dehydration 2-propanol -. propene

Temperature

Catalyst Range, °C

MoS
2

300

CoO-Mo03/A1203 225-425

CoO-Mo03/A1203 330-430

CoO-Mo0
3
/Al2 0

3
250-400

CoO-Mo0
3
/Al2 0

3
250-400

Fe
2
(Mo0

4
)
3

300-400

Bi203 -Mo03 450

Bi203-Mo03 400-500

Mo0
3

in H
2
0
2

and pyridine 60

M03 /Al
2
0
3

66-288

MO03 /Al
2
0
3

200-260

MoO3 191-224
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Many of these catalytic systems are not yet fully understood.

Both the characterization of the active site and the

identificationof the chemistry taking place in the catalytic

transformation continue to be fruitful areas of research. In Part

One of this thesis, the interaction of Mo03 vapors with a number

of alkoxy silanes is investigated.

Molybdenum Trioxide Properties

A list of the properties of molybdenum trioxide is given in

Table 2. Pure molybdenum trioxide is a white solid at room temper-

ature, but melts to form a yellow liquid at 795°C.9 The bulk

solid consists of molybdenum atoms coordinated to six oxygen atoms

forming Mo06 octahedra. 10 ' 11 The Mo06 octahedron in Mo03 is

highly distorted as shown in Figure 1. The Mo atom is off-center

with a characteristic (2+2+2)-coordination (pairs of bond lengths

ca. 1.7, 1.9, and 2.3 angstroms). 12

While most metal oxides dissociate when they evaporate, giving

oxygen and the metal or a lower oxide of the metal, 13 many of the

oxides of the higher valent transition metals sublime without

decomposition (e.g. 0s04, Mo03, W03). The vapor pressures of these

compounds vary over a wide range. 0s04 is volatile at room tem-

perature while W03 sublimes only above 1000°C under vacuum.

Several vapor species of Mo03 are observed upon sublimation.

These include cyclic dimers, trimers, tetramers, and pentamers with

the trimer being the predominant species. 14 The vapor pressure

of the trimer at 861°C is 1.64 x 10 -6 atm. Increasing amounts of

the tetramer and pentamer are seen at temperatures above 861°C.
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Table 2

Molybdenum Trioxide Properties

Molecular Weight: 143.94

Color: White (yellow at elevated tempera-
tures)

Density:

Melting Point:

Heat of Fusion:

Heat of formation:

Boiling Point:

Heat of Vaporization:

Heat of Sublimation:

Solid: 4.692 g/ml (21°C)
Liquid: 3.08 g/ml (832°C)

2.98 g/ml (909°C)

795°C (1068°K)

AH1068 12.54 kcal/mol

1074 11.69 kcal/molAH

AH298.15 -178.1 kcal/mol (xtals)
AH1074 = -162.8 kcal/mol (liq)

1155°C (1428°K) sublimes below
this temperature

(Mo03)3 AH850 80.5 kcal/mol
(Mo03)4 AH850 93.6 kcal/mol
(Mo03)5 AH850 105.6 kcal/mol

AH973 65 kcal/mol
AH989 68.1 kcal/mol

Photosensitivity: sensitive to radiation < 360 nm



Figure 1 The coordination of oxygen atoms (large circles) around the molyb-
denum atoms (small circles) in Mo03. All atoms are situated on
mirror planes perpendicular to the c axis. All distances are in
angstroms and two angles (98° and 104°) related to the others by
symmetry are not indicated.
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The structure of the cyclic trimer is shown in Figure 2a. Each

molybdenum is surrounded by two terminal double bonded oxygens

(Mo =O, 1.67 angstroms) and two bridging oxygens (Mo-0, 1.89

angstroms) in a tetrahedral arrangement. 15 The ring containing

the three oxygens and three molybdenums is planar with D3h

symmetry.

Of interest to us is the structural similarity between the

sublimed Mo03 compound and the proposed active site for molybdenum

oxide catalysts supported on silica and alumina, Figure 2b. 16-19

This similarity was successfully used in earlier studies to isolate

possible catalytic intermediates and to explore catalytic reaction

pathways of molybdenum oxides.7'8 It was our hope that we could

further exploit this similarity to isolate model compounds of sup-

ported catalysts and to possibly develop new supported catalysts by

reacting Mo03 with alkoxy silanes using metal vapor techniques.

Alkoxy Silanes

The chemistry of silicone polymers has been developed extensive-

ly since E. G. Rochow discovered a "direct method" for the synthe-

sis of silicon halides in 1945. 20
The direct method has since

been extended to the synthesis of alkoxy silanes 21 which in many

cases have replaced the halides in the manufacture of silicone

polymers. Their tendency to hydrolyze slowly and in a controllable

stepwise fashion makes them preferable to the silicon halides in

the polymerization process. 22
Silicone polymers are increasingly

important as high temperature oils, as heat resistant resins used

in plastics and laminates, and as silicone rubbers. These rela-



a b

Figure 2. (a) Structure of gas phase Mo03 trimer 14 and (b) mposed
structure of silica supported molybdenum catalyst."

. wavara e As.
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tively mature uses, combined with emerging technologies such as

silylation of surfaces, attachment of enzymes and inorganic cata-

lysts to polymer backbones, fiber optic uses, and an ever-growing

number of applications to organic synthesis, insure that the field

of silicon chemistry will continue to develop and grow.

The physical properties of the alkoxy silanes closely resemble

those of the organic ethers. The low molecular weight compounds

such as trimethylmethoxysilane,
tetramethoxysilane, and tetraeth-

oxysilane are liquids at room temperature and can be distilled

without decomposition. The higher molecular weight compounds such

as the triphenylalkoxysilanes tend to be solids at room temperature

with well-defined melting points. The compounds are most commonly

synthesized by reacting silicon halides with the alcohols or

phenols in the presence of an acid acceptor as in Equation 1.

(1) R3Si-X + R'OH --- R3SiOR + HX

R,R. i alkyl X CI,Br,I,F

Other synthetic routes may also be employed depending on the target

compound. These include reactions of organometallics with tetra-

alkoxysilanes, reactions of silicon hydrides with alcohols and

phenols, alcoholysis of siloxanes, and a variety of others.23

While the physical properties of the alkoxysilanes are similar

to those of the organic ethers, their chemistry is considerably

different. The alkoxysilanes undergo a variety of reactions that

are unusual or unknown for the organic ethers. The reasons for the

difference in chemical activity obviously center around the differ-
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ences between carbon and silicon. Silicon is a much more electro-

positive element than carbon (Si-1.8 vs. C-2.5 using the Pauling

electronegativity scale). This leads to considerable ionic char-

acter in the Si-0 bond (50%) and makes heterolytic bond cleavage

between Si and 0 the primary reaction pathway.

Most reactions that involve the Si-O-C linkage in the alkoxy-

silanes occur with cleavage of the Si-0 bond and retention of the

C-0 bond. Supporting evidence for the retention of the C-0 bond in

cleavage reactions comes from investigation of the acid hydrolysis

of dimethyldi-D-2-butoxylsilane. The hydrolysis yields D-2-butanol

with the same optical activity as the original D-2-butanol used in

the synthesis of the silane.24 Additional evidence is provided

by oxygen exchange which accompanies hydrolysis of tetraethoxy-

silane by water enriched with H2 18 0. 25

A second difference between silicon and carbon that affects the

reactivity is silicon's accessible 3d orbitals. This allows the Si

to expand its coordination sphere much more readily than C. There

is ample evidence cited in the literature for the participation of

the 3d orbitals in much of the chemistry surrounding silicon. The

literature includes the structure of SiF6 2-
,

26
structural studies

of N and 0 containing molecules where double bonding between Si and

the heteroatom are explained in terms of dx-pr bonding, 27,28 and

in mechanistic studies of substitution reactions at a silicon

atom. 29
'

30

Early mechanisms cited in nucleophilic substitution reactions

of the alkoxy silanes involved "flank" attack by the incoming
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Figure 3. Proposed intermediates for nucleophilic attack at silicon with,Kesul-
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(b)Trigonal bipyramidal intermediate with pseudo rotation.'
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reagent with formation of a cyclic intermediate, Figure 3a. The

SNi-Si mechanism was used to explain the the results of reactions

of alkoxy silanes with t-BuMgC1, LiA1H4, and KOH.29 More re-

cently the intermediate used to explain the chemistry of the alkoxy

silanes is five coordinate with the incoming nucleophile in an

apical position. The intermediate then undergoes a pseudorotation

placing the leaving group in the apical position and allowing reten-

tion of configuration at the silicon, Figure 3b.31

In our laboratory, a number of molybdenum(VI)dioxodialkoxy

compounds have been isolated during the metal vapor reactions of

alkoxy silanes with Mo03. The above discussion offers some

insight into the chemistry involved in these reactions.

Metal Oxide Alkoxides and Trialkylsiloxides

Metal oxide alkoxides, which were viewed as polymeric compounds

bridging the gap between the metal alkoxides and the inorganic

metal oxides, were researched in some detail by Bradley, et al. in

the late 1950's and early 1960's. The chemistry was developed

through exploration of controlled hydrolysis of metal alkoxide

compounds. 32
While the areas of metal alkoxides 33 and metal

oxides34'35 have been fields of interest over the last several

decades, the area of metal oxide alkoxides has seen relatively

little activity.

The structure of the metal oxide alkoxides is controlled by the

tendency of the compounds to form coordination polymers. Polymer-

ization may occur through bridging alkoxy groups and/or through

"condensation" forming metal-oxygen-metal bridges. The degree of
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polymerization is complicated by two other factors. The'first is

the use of large alkoxy groups; the steric hindrance provided by

tertiary and secondary alkoxides can reduce the degree of polymer-

ization. A second factor is the ability of the metal to form metal

oxygen double bonds which can reduce the degree of polymerization

by preventing condensation. The second factor is confined to the

higher valent second and third row transition metals and to some

actinides. 32
The same properties, in general, apply to the metal

oxide trialkylsiloxides.

The number of molybdenum oxide alkoxides reported in the

literature is very limited. The first reported preparation that

this author has found involved synthesis of [Mo(0)2(0Et)241 2NH3

(n-2-4) from Mo(0)2C12 and EtOH in the presence of ammonia,

Equation 2. 36
The compound was assigned the structure given in

"
(2) nMo(0)2C12 + 2nEIOH [Mo(0)2(0Et)21n 2NH3 + 2nNH4CI

Figure 4, based on analogy to other oxide alkoxides and the ana-

lytical data that were obtained. The authors also reported that

refluxing the ammonia adduct in methanol or ethanol yielded a

precipitate, free of ammonia, that was assumed to be a higher

polymer of the ethoxide. However, no analytical data were given to

support this conclusion.

In a series of publications, Malcolm Chisholm and others report-

ed the preparation of a number of molybdenum(III) and molybdenum-

(IV) -dialkyamides, -alkoxides, and -trialkysiloxides. 37-42 True
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to the nature of previously described alkoxides they tended to show

decreasing degrees of polymerization as the steric bulk of the

alkoxide or siloxide increased.43 The most interesting aspect of

these alkoxides, however, was the existence of molybdenum-molyb-

denum multiple bonds. During the investigation of the electronic

structure and reactivity of these compounds, 44-47 several molyb-

denum(VI)oxo -alkoxide compounds were synthesized by interacting

the Mo(III) and Mo(IV) compounds with dioxygen. 46 Attempting to

isolate the alkoxides of molybdenum(VI) in the solid state resulted

in decomposition, forming molybdenum blues, with the exception of

Mo02(0t-Bu)2. However, all of the alkoxides were isolated as

nitrogen base (2,2'-bipyridine, pyridine) adducts. In the absence

of the bases the unstable compounds were insoluble in hydrocarbon

solvents indicating possible polymeric compounds. The molybdenum

alkoxides were also investigated as possible models for catalytic

systems and metal oxides. 47
During this investigation, the

molybdenum oxide alkoxide compounds derived from interacting the

molybdenum(III) and molybdenum(IV) alkoxides with dioxygen were

examined in more detail. In addition to dioxygen, the interactions

of the molybdenum alkoxides with a variety of small molecules,

including carbon monoxide, acetylenes, hydrogen, and diphenyldiazo-

methane, were also studied.

A few other molybdenum alkoxides and siloxides have been

reported more recently. McCarron and Harlow isolated and charac-

terized an isopolymolybdate having the formula Na4[Mo8024(0Me)4]

8Me0H. During their investigation they found that when the com-
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pound was irradiated with UV light, or heated to 500°C, decompos-

ition occurred with formation of formaldehyde. 48a
In a follow up

to this study, McCarron, Staley, and Sleight reported on the prep-

aration of Mo205(OMe)2 and Mo205(0Me)2.2Me0H from the reaction

Mo03.2H20 with methanol. 48b They found that thermal and photode-

composition gave formaldehyde, methanol, water, and dimethyl ether,

similar to the isopolymolybdate. DeKock and McAfee also reported

the preparation of Mo205(OMe)2 from the metal vapor reaction of

Mo03 with Me0H.7'8 Finally, Klemperer, et al. described the

preparation of two molybdenum trioxide complexes by the reaction of

(Mo207)[(n-Bu)4N]2 with sterically hindered silanols (Ph3SiOH and

(t-Bu)3SiOH).49 The phenyl derivative was characterized by a

single-crystal X-ray diffraction study. These compounds were

proposed as model compounds for silica supported molybdenum cata-

lysts.

Catalytic Oxidation of Methanol

The largest use of methanol is in the production of formal-

dehyde with approximately one-fifth of all the formaldehyde pro-

duced formed over molybdenum catalysts.5° With formaldehyde

consumption continuing to rise and many of the catalytic systems

used to produce the compound still poorly characterized, it is easy

to understand the continuing interest in research and development

in this area.

Since Adkins and Peterson first reported the activity of mixed

iron molybdenum oxide catalysts in the oxidation of methanol, 51 a

great deal of effort has gone into understanding and improving the
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catalyst. In addition to the model studies described above, a sub-

stantial amount of research has centered around elucidation of the

industrial catalytic systems. The industrial catalyst currently

employed consists of a 5:1 molar mix of Mo03:Fe203 operating at

around 400°C. The active phase is generally believed to be

Fe2(Mo04)3 with the actual catalytic site being coordinatively

unsaturated molybdenum.52-58 Many other investigations have probed

other aspects of the molybdate catalysts. These other studies in-

clude the role of excess Mo0
3 in the industrial catalyst, 59 deac-

tivation of the Ferric-molybdate catalyst,60' 61 and structure sensi-

tivity of methanol oxidation over molybdenum trioxide crystals. 62

Metal Vapor Chemistry

Metal vapor chemistry relies on a combination of techniques to

create a unique chemical environment in which reactions take

place. Vaporization under vacuum allows the molecules to move away

from the generation point without undergoing molecular collisions

that might lead to aggregation. The vapor is then frozen at -196°C

in a highly energetic state in a matrix of the cocondensate, in our

case the alkoxy silanes. This prevents the vaporized metal com-

pound from reforming its lattice and reducing its reactivity. High

pumping speeds are maintained throughout the cocondensation to mini-

mize gas phase reactions between the metal vapor and the organic

compound and to allow fairly rapid introduction of the reactants.

The frozen compounds are then warmed and allowed to react.

The reactivity of the vaporized metal compound arises from two

primary sources: first, the coordinative unsaturation of the metal
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in molybdenum. trioxide, as shown in Figure 2a. The LUMO for Mo03

consists primarily of empty d orbitals centered on the molybdenums.

The empty d orbitals around the molybdenum can act as Lewis acid

sites for ligands in the surrounding matrix which have Lewis base

atoms such as oxygen and nitrogen. Second, the vaporized molecules

are in a high energy state. Since the energy is not greatly af-

fected by the condensation at -196°C, it is approximately equal to

the heat of vaporization of the molecule. For molybdenum trioxide

this is 80 to 100 kcal/mol depending on the sublimed species (see

Table 1). This means the energy of activation is much lower for

reactions between the vaporized Mo03 and the vaporized ligands

(see Figure 5). These two factors combine to open reaction path-

ways not accessible to the bulk material in reactions with organic

substrates.
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Figure 5. Energetics for metal vapor reactions of Mo03.
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Toluene (Baker) was distilled from Na/Benzophenone under dry

nitrogen immediately prior to use. Pyridine was distilled from

CaH
2 and stored over BaO. 2,4-Pentanedione (Matheson, Coleman,

and Bell) was distilled immediately prior to use.

All silanes except trimethyl-t-butoxysilane were commercially

available from Petrarch and used without further purification.

Trimethyl-t-butoxysilane was prepared by reacting t-butanol

(Baker) with trimethylchlorosilane (Aldrich) using N,N-dimethyl-

aniline (Matheson, Coleman, and Bell) as the solvent. The product

was distilled from the reactant mix and used without further

purification.

Molybdenum trioxide (Matheson, Coleman, and Bell) was

commercially available and used without further purification.

Physical Measurements

IR spectra were obtained on a Mattson Sirius 100 FT-IR or a

Nicolet 5DXB FT-IR with 2 cm-1 resolution. Solid samples were

run as KBr pellets. NMR spectra were obtained on a Varian FT-80A

or a Bruker FT-400 spectrometer. Gas chromatography/mass spec-

trometry (GC/MS) and mass spectrometry samples were run on a

Finnigan 4000-23 with a 4500 ion source. EI samples were taken at

50 eV potential; Pulsed-ion-positive-ion-negative-ion-chemical-

ionization (PIPINICI) samples were taken using methane as the

secondary ion generator and using a 100 eV ionization potential.
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Routine gas chromatography was done on a Hewlett-Packard 5710A GC

(TCGC) connected to an HP 3392A integrator or a Hewlett-Packard

5830A GC (FIDGC) connected to an HP 18850A terminal/integrator.

UV-Visible spectra were collected on an HP 8451A Diode Array Spec-

trophotometer.

Cocondensation Reactions

Cocondensation reactions were carried out in the vessel as

pictured in Figure 6.6'8 The vessel is constructed from a 2 L

Pyrex round bottom flask and a three-inch Pyrex pipe flange. A

one-inch port connected to a Consolidated Vacuum Corporation type

PMC model 2C oil diffusion pump through a Consolidated Vacuum

Corporation model VCS-21A high vacuum valve is used to maintain a

constant pressure during the condensation reactions. A three-

eighths-inch port connected to a vacuum line is used for volatile

product isolation and as an inlet for inert gases. A third three-

eights-inch port, not shown in the picture, is connected to a

Granville-Phillips Model 274002 ionization gauge tube. Port con-

nections are made using Cajon Ultra-Torr fittings. The top plate

is fitted to the flask using an aluminum collar and "0"-rings.

Volatile organic compounds are introduced through one-eighth-

inch copper tubing or, for compounds boiling above 100°C, through a

quarter-inch copper tubing (not shown) running through the top

plate. Molybdenum trioxide was sublimed by resistively heating a

10 mm diameter niobium (containing Mo03) tube connected to water

cooled copper electrodes. The power source is a transformer which

steps down the line voltage to 10 volts and is further controlled
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by a variac. Because of the geometry of the vessel, no more than

75% of the sublimate reaches the flask walls.

During cocondensation, the flask walls were maintained at

-196°C using a liquid nitrogen bath, and the pressure in the vessel

was maintained at less than 0.3 mtorr. This minimizes vapor phase

interactions between the sublimate and the volatile substrate.

An advantage of this vessel is its size. It is large enough so

millimole quantities of product can be synthesized, but small

enough to be easily transported into an inert atmosphere box. This

allows for isolation and study of nonvolatile, air-sensitive, reac-

tion products. A review of the cocondensation apparatus used in

metal atom chemistry was reported in 1980 by Klabunde. 2

In a typical reaction, molybdenum trioxide was condensed with a

volatile organic compound in a 1:10 molar ratio over a 60 minute

period. The cocondensates were then warmed to room temperature and

allowed to react. Occasionally a warm water bath was placed around

the flask to aid reaction. The volatile products were then dis-

tilled out of the flask and trapped on a vacuum line. Finally, the

reactor was filled with pre-purified Argon or Nitrogen and trans-

ported to a Vac Atmospheres Model HE-493-2 glove box where the

solids were physically removed from the reactor and stored for

further study.

Molybdenum Trioxide and Tetramethoxysilane

Molybdenum trioxide (5.55 g, 0.038 mole) was cocondensed at

-196°C with tetramethoxysilane (31.5 g, 0.207 mole). Upon warming

to 50°C, a white solid formed. The volatiles distilled from the
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solid were analyzed by GC/MS. Analysis showed unreacted tetra-

methoxysilane and hexamethoxydisiloxane as the primary components,

with trace amounts of methanol and oligomeric polymethoxy silanes

also observed. A yellow-white solid was sublimed from the crude

solid product at 120°C and 5 mtorr. During the sublimation, the

majority of the solid turns blue, indicating reduction of the

molybdenum; yields of the yellow-white solid were only approximate-

ly 30%. The yellow-white solid was washed with toluene prior to

analysis.

Samples sent for analysis were sealed under nitrogen and packed

in dry ice for shipping. Analytical (Galbraith): %Mo - 49.93, %C

- 12.94, %H - 3.17; Theoretical (Mo(0)2(0CH3)2): %Mo - 50.49,

%C - 12.64, %H - 3.17.

IR samples were prepared in the glove box under nitrogen and

stored in a desiccator under nitrogen until immediately prior to

analysis. IR of the yellow-white sublimate (KBr): 2975 (m,br),

2849 (m,sh), 1457 (m,br), 1147 (shoulder), 1088 (vs,br), 997

(m,sh), 947 (m,sh), 927 (m,sh), 843 (m,sh), 596 (m,sh), 522 (m,br),.

457 (m,br).

Proton NMR of sublimed samples that had been washed with tol-

uene were taken in sealed tubes prepared in the glove box under

nitrogen. The proton NMR of the yellow-white sublimate in d4-

methanol showed a sharp singlet at 3.30 ppm. Addition of 5 micro-

liters of dl- methanol to the solution greatly increased the in-

tensity of the peak at 3.30 ppm. The proton NMR of the yellow-

white sublimate in d6-DMSO, Figure 7a, showed two low intensity
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Figure 7. (a)1H NMR of Mo(0)2(0Me)2 in d6-dimethylsulphoxide. (b) lki NMR of

Mo(0)2(0Me)2 + d4-methanol in d6-dimethylsulphoxide. (c) LH NMR of
Mo(0)2(0Me)2 + d4-methanol + di-methanol in d6-dimethylsulphoxide. ry
(d) Same as c, SO microliters of d4-methanol added. (*-solvent) .p-
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singlets at 3.15 ppm and 3.20 ppm and a more complex set of res-

onances downfield. The set of resonances downfield consisted of a

broad, intense peak at 4.15 ppm. Addition of 5 microliters of d4-

methanol, Figure 7b, greatly increased the intensity of the reso-

nance at 3.15 ppm and decreased the intensity of all resonances

between 4.00 and 4.35 ppm relative to the intensity of the solvent

resonances at 2.49 ppm. Addition of 4 microliters of dl- methanol,

Figure 7c, to the solution further increased the relative intensity

of the resonances at 3.15 ppm but only slightly decreased the rela-

tive intensity of the resonances between 4 and 4.35 ppm. Addition

of 50 microliters of d4-methanol, Figure 7d, again increased the

resonance at 3.15 ppm. In addition, the peaks between 4 and 4.35

ppm collapsed to a sharp singlet and shifted slightly to 4.0 ppm.

The PIPINICI MS of the yellow-white sublimed solid is shown in

Figure 8. The envelope of peaks centered at 192 derives from the

monomer molecular ion Mo(0)2(OCH3)2. The more intense set centered

at 177 is due to loss of CH
3 from the molecular ion. The peak en-

velopes are very characteristic of monomeric molybdenum compounds.

The relative intensities are primarily due to the naturally occur-

ring isotopes of molybdenum: 92 (15.05%), 94 (9.35%), 95 (15.78%),

96 (16.56%), 97 (9.60%), 98 (24.60%), 100 (9.68%). The less in-

tense sets of peaks centered at 379 and 363 mass units have been

assigned to the dimeric molybdenum species as shown.

40 mg of the white sublimate was heated from 20°C to 150°C at 5

mtorr pressure. The solid changed color from white to dark blue
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during the heating, indicating that the molybdenum had undergone

reduction. GC analysis of the gases over top of the reduced solid

showed the presence of formaldehyde, methanol, methylformate, and

dimethoxymethane.

Molybdenum Trioxide and Tetraethoxysilane

Molybdenum trioxide (4.47 g, 0.031 mole) was cocondensed at

-196°C with tetraethoxysilane (23.9 g, 0.115 mole). Upon warming

to 50°C a white solid forms in the bottom of the flask. The vol-

atiles distilled off the solid were analyzed by GC/MS. Analysis

showed unreacted tetraethoxysilane, hexaethoxydisiloxane as the

primary components and trace amounts of ethanol. A white solid was

sublimed from the crude product in good yield (app. 80%) at 100°C

and 5 mtorr.

Samples sent for analysis were sealed under dry argon and

shipped packed in dry ice. Analytical (Galbraith): %Mo - 44.07,

%C - 21.74, %H - 4.60; Theoretical (Mo(0)2(OCH2CH3)2: %Mo - 44.00,

%C - 22.03, %H - 4.62.

Samples for IR analysis were prepared as described above for the

tetramethoxysilane cocondensate. IR of the white solid (10r): 2971

(m,sh), 2930 (w,sh), 2901 (w,sh), 2872 (w,sh), 1467 (m,sh), 1386

(m,sh), 1050 (s,complex), 947 (s,sh), 920 (s,sh), 870 (s,sh), 816

(vs,sh), 669 (m,br), 567 (m,br).

Proton NMR spectra were taken on samples in sealed tubes pre-

pared in the glove box under nitrogen. 1H NMR of white sublimate

in d6- benzene showed a complex peak at 4-5 ppm and a second

complex peak at 1.3 ppm (see Figure 9a). Addition of d6 -DMSO to
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the NMR solution of the white solid gave a sharp quartet at 4.6 ppm

and a sharp triplet at 1.4 ppm (see Figure 9b). Addition of pyri-

dine to an NMR solution of Mo(0)2(0Et)2 in d6- benzene gave similar

results with a clean quartet at 4.65 ppm and a clean triplet at

1.26 ppm (see Figure 9c). The resonances due to the pyridine can

be seen at 8.5-8.75 and 6.5-7.0 ppm.

UV-vis analysis of 9 mg of white sublimate in 6 g of toluene

(UV cutoff 285 nm in 10 mm cell) gave an intense charge transfer

band tailing to approximately 410 nm. The exact maximum of the band

was not determined due to the interference of the solvent cutoff.

The PIPINICI MS with the peak assignments for the white sub-

limed solid is shown in Figure 10. The envelope of peaks centered

at 220 derives from the monomer molecular ion Mo(0)2(OCH2CH3)2.

The less intense set centered at 191 is due to loss of CH2CH2 from

220. The broad envelope centered at 436 has been assigned to a

dimer, Mo2(0)4(OCH2CH3)4

40 mg of the white sublimate was heated from 20°C to 150°C at 5

mtorr pressure. The solid changed color from white to dark blue

during the heating, indicating that the molybdenum had undergone

reduction. GC analysis of the gases over top of the reduced solid

showed the presence of acetaldehyde, ethanol, ethylacetate, and

diethylether.

Molybdenum Trioxide and Tetrapropoxysilane

Molybdenum trioxide (4.04 g, 0.028 mole) was cocondensed at

-196°C with tetrapropoxysilane (24.42 g, 0.092 mole). Upon warming

to 50°C, a bluish-white solid forms in the flask. A white solid
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Figure 9. (a) 1H NMR spectrum of Mo(0)2(0Et)2 in d6- benzene. (b) 1H

NMR spectrum of Mo(0)2(0E02 + d6-dimethylsulphoxide in d6-
benzene. (c) H NMR spectrum of Mo(0)2(0E02 + pyridine in
d
6
-benzene. (*-solvent)
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was obtained in very low yields (<5%) by sublimation at 90°C and 5

mtorr.

Samples were prepared for infrared analysis using the proce-

dures described for the methoxide cocondensate. IR of the white

sublimate (KBr): 2967 (s,sh), 2936 (m,sh), 2875 (m,sh), 1467

(m,sh), 1458 (m,sh), 992 (s,sh), 979 (s,sh), 945 (s,sh), 881

(s,sh), 836 (vs,sh), 635 (m,sh), 565 (m,br).

The PIPINICI MS and peak assignments for the white sublimed

solid are shown in Figure 11. The envelope of peaks centered at

248 derives from the monomer molecular ion Mo(0)2(OCH2CH2CH3)2.

The broad envelope centered at 490 has been assigned to a dimer,

Mo2(0)4(OCH2CH2CH3)4

The white sublimate was considerably more reactive than the

products from the methoxy and ethoxy silane reactions. The propoxy

derivative would typically decompose within an hour under an inert

atmosphere, yielding a deep blue solid. The formation of the blue

solid started immediately in the presence of atmospheric moisture

and was usually complete within a minute. The low yields and ther-

mal instability precluded further characterization of the white sub-

limate.

Molybdenum Trioxide and Tetra-2-butoxysilane

Molybdenum trioxide (4.37 g, 0.030 mole) was cocondensed at

-196°C with tetra-2-butoxy silane (26.00 g, 0.081 mole). Upon

warming to 50°C, an uncharacterized blue solid forms in the flask.

GC/MS analysis of the volatiles distilled off the solid showed un-

reacted tetra-2-butoxy silane and a mix of butenes as the primary
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components. Quantitative GC analysis shows the mixture of butenes

to be 62% trans-2-butene, 35% cis-2-butene, and 3% 1-butene. Ef-

forts to sublime a product from the crude blue cocondensate were

unsuccessful and no further work was done with the system.

Molybdenum Trioxide and Trimethylmethoxysilane

Molybdenum trioxide (4.42 g, 0.031 mmole) was cocondensed at

-196°C with trimethylmethoxysilane (20.50 g, 0.197 mmole). The

cocondensate was warmed to 50°C for 2 hours. During this time a

bluish-white solid formed in the flask. GC analysis of the vol-

atiles distilled from the crude product showed the starting ma-

terial plus a few very minor impurities.

A white solid was sublimed from the crude product at 5 mtorr

pressure and 100°C. Greater than 90% of the product decomposed

during the sublimation, yielding a blue solid and a liquid trapped

out on the vacuum line. GC/MS analysis of the liquid collected

during the sublimation showed formaldehyde, methanol, methylfor-

mate, dimethoxymethane, hexamethyldisiloxane, and the starting

material, trimethylmethoxysilane.

Samples for infrared analysis were prepared using the procedure

described for the tetramethoxysilane cocondensate. IR of the white

sublimate (KBr): 2959 cm-1 (m,sh), 2932 (m,sh), 2827 (w,sh), 1445

(m,br), 1250 (m,sh), 960 (m, sh), 944 (m,sh), 828 (s,sh).

PIPINICI MS of the white solid collected during the sublimation

showed several envelopes of peaks due to molybdenum containing

fragments. Figure 12 shows the peaks and their assignments. The

peaks seen in the MS spectra of this system probably arise from a
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complex mix of oligomeric products in the solid. The lack of a

suitable method for separation and purification of this complex mix

of products prevented the full characterization of the white sub-

limate.

20 mg of the white sublimate was heated from 20°C to 150°C

under vacuum. During the heating, the solid changed from white to

a dark blue, indicating extensive reduction of the molybdenum.

GC/MS of the gases collected over the solid showed water, methanol,

methylformate, dimethoxymethane, and hexamethyldisiloxane. Another

20 mg of the white sublimate was placed in a sealed Pyrex vessel

and photodecomposed under UV-visible radiation. During the photo-

decomposition, the surface of the solid changed from white to

blue. Agitation of the vessel exposed fresh surface which would

again turn blue upon irradiation. GC/MS analysis of the gases

collected over the solid showed dimethyl ether, methylformate,

dimethoxymethane, trimethylmethoxysilane, and hexamethyldisil-

oxane.

Molybdenum Trioxide and Trimethylethoxysilane

Molybdenum trioxide (4.75 g, 0.033 moles) was cocondensed at

-196°C with trimethylethoxysilane (21.8 g, 0.184 moles). Upon

warming the reactor to 20°C, the solid changed color from yellow to

a greenish-white. Further warming to 50°C causes the solid to turn

more bluish-white.

Attempts to purify the compound by sublimation led to extensive

reduction of the solid product and only very small amounts of white

sublimate were collected. PIPINICI MS of the sublimed compound
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showed primarily the organic decomposition products of the compound

and very few peaks attributable to molybdenum containing fragments.

No further work was done with the system.

Molybdenum Trioxide and Trimethyl-t-butoxysilane

Molybdenum trioxide (5.37 g, 0.037 moles) was cocondensed at

-196°C with trimethyl-t-butoxysilane (29.62 g, 0.202 moles). Upon

warming the reactor to 40°C, the color of the solid changed from

very yellow to blue, indicating reduction of molybdenum had taken

place.

GC/MS analysis of the volatiles distilled from the cocondensate

showed a mix of butenes, t-butanol, and hexamethyldisiloxsane, and

trimethyl-t-butoxysilane. The analysis of the butenes showed the

mix to be made up of mostly isobutene with small amounts of cis-

butene, trans-butene , and 1-butene.

Molybdenum Trioxide and Hexamethyldisiloxane

Molybdenum trioxide (4.74 g, 0.032 moles) was cocondensed at

-196°C with hexamethyldisiloxane (25.00 g, 0.154 moles). Upon

warming the reactor to 20°C, the solid cocondensate changed from

yellowish-white to a greenish-blue color.

20.2 g of volatiles were trapped and collected on the vacuum

line. GC analysis showed the recovered liquid to be identical to

the starting material. No sublimate was collected upon heating the

solid to 180°C under vacuum. No further work was done with this

system.

Preparation of Molybdenum(VI)dioxodiacetylacetone

100 mg (0.459 mmole) of Mo(0)2(0Et)2 was partially dissolved
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dissolved in 30 ml of toluene. A solution of 100 microliters (97.6

mg, 0.974 mmole) of 2,4-pentanedione (acetylacetonate) was added

dropwise to the solution of Mo(0)2(0E02 in toluene at room to

solution of Mo(0)2(0Et)2 in toluene at room temperature. The

resulting greenish solution was stirred for 2 h at room tempera-

ture. The toluene was removed in vacuo at room temperature, yield

ing a yellow-green solid. The solid was shown to be Mo(0)2(acac)2

by IR.

IR (KBR): 1586 (vs), 1505 (vs), 1414 (m), 1360 (s,sh), 1263

(vs,sh), 1183 (m,sh), 1083 (s), 934 (vs,sh), 905 (vs,sh), 799

(m,sh), 669 (m), 574 (m,sh), 407 (s).
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RESULTS AND DISCUSSION

Molybdenum Trioxide Cocondensed with Tetraalkoxysilanes

A number of factors were taken into consideration in designing

experimental work to produce new supported molybdenum catalyst

systems using metal vapor techniques: (1) The similarity between

proposed active sites in molybdenum catalysts and the structure of

vapor phase molybdenum trioxide (see Figure 2); and (2) Earlier

studies of interactions of Mo0
3 with ethers indicated two

important facts.7 First, initial interaction occurred through

formation of a Lewis acid-base pair between the ether oxygen and

the molybdenum center. Second, the ether linkage was inert toward

further reaction following the formation of the Lewis acid-base

pair. (3) Alkoxy silanes are well-known precursors to polymeric

siloxanes and silicates. Taking these factors into consideration,

the initial product of the reaction between the MoO3 and the

tetraalkoxysilanes was expected to be a simple adduct. The

alkoxysilane would then be hydrolyzed in situ, or after isolation

of the adduct, to give a silica supported molybdenum species.

However, unlike the C-O-C linkage, the Si-O-C linkage proved to be

quite reactive in metal vapor reactions and a series of molybdenum

alkoxides were isolated.

Molybdenum Trioxide and Tetraethoxysilane

Cocondensation of molybdenum trioxide with tetraethoxysilane

yielded a crude white solid which could be purified by sublimation

at 90-100°C and 5 mtorr, giving a white powder. Physical data
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collected on the white sublimate are consistent with the formation

of Mo(0)2(0E02 as the primary Mo containing product. Approx-

imately 10% of the crude solid remained after sublimation as an

uncharacterized blue solid. The blue color resulted from a reduced

molybdenum(V) species. Gas chromatography/mass spectroscopic anal-

ysis of the volatiles distilled from the crude product showed the

primary Si containing product to be (Et0)3SiOSi(0E03. These two

products are consistent with the overall reaction given in Equation

3. To this author's knowledge, the reaction given in Equation 3 is

(3) MoO3 + 2(E10)4Si
MVR

Mo(0)2(OEt)2 + (Et0)3SiOSi(OEt)3

new. The white sublimate resisted all attempts to prepare x-ray

quality crystals for use in a single crystal x-ray diffraction

study. The evidence from this work supports an oligomeric struc-

ture with association taking place through bridging ethoxide groups

(see Figure 4).

Strong evidence for an oligomeric compound is seen in the pro-

ton nuclear magnetic resonance (1H NMR) spectrum of the white

sublimate. Figure 9a shows two very complex sets of resonances due

to the ethoxy groups in the compound. The very broad resonance at

4.0-5.0 ppm comes from methylene protons in the compound. This re-

sonance is shifted downfield relative to ethanol in d6- benzene.

The broad resonance centered at 1.25 ppm, assigned to the methyl

protons in the ethoxy group, is also shifted downfield relative to

ethanol. These downfield shifts for the ethoxy groups are consis-
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tent with the strong electron withdrawing nature of the Mo(VI)

center. The very broad, complex nature of these resonances is at-

tributed to the polymeric nature of the compound. A remarkable

simplification of the spectrum takes place upon addition of a co-

ordinating agent such as d6-dimethylsulphoxide, Figure 9b, or

pyridine, Figure 9c. The spectra in 9b and 9c show the classic

splitting pattern for an ethoxy group. These spectra arise because

the coordinating agent displaces the bridging group in the poly-

meric compound, leading to formation of a monomeric molybdenum

compound. Similar to these observations, Chisholm and coworkers

reported that the 1H NMR spectrum of a polymeric Mo(III) ethoxy

compound36 was complex while 1
H NMR spectra of monomeric

Mo(VI)dioxo -isopropoxy and -neopentoxy46 pyridine compounds were

quite simple. The resonance due to the pyridine protons was also

shifted slightly upfield relative to free pyridine, similar to that

observed in Chisholm's work. 46

The mass spectrum of the white sublimate also gives clear evi-

dence of molybdenum dioxo polymeric species. Figure 10 shows three

distinct sets of peaks. The parent group centered at 220 mass

units is assigned to monomeric molecular ion Mo(0)2(0Et)2- while

the less intense set centered around 436 mass units is assigned to

the dimeric molecular ion Mo2(0)2(0Et)4-, as shown. As was men-

tioned in the experimental section, the series of peaks centered at

220 and 436 mass units are due primarily to the eight naturally

occurring isotopes of Mo. The lower intensity of the dimer peaks

relative to the monomer can be explained simply on the basis of a
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higher heat of sublimation for the dimeric compound.

The infrared spectrum for the white sublimate is shown in Fig-

ure 13a. Peaks at 1467 cm-1 and 1386 cm-1 are due to methylene

and methyl bending modes, respectively, in the ethoxy groups. Chis-

holm found broad, strong bands at 1052 cm-1 for both [Mo(0Et)4]x 43

and [Mo(0Et)3]
x'

39
but the region around 820 cm -1

was blank or

showed only weak bands. Griffith" found M-0 bonds for trans dioxo

species to adsorb in the 820 cm-1 region and bridging oxygens in

M202 groups to adsorb at 550 cm-1. Based upon these data, the very

strong band at 816 cm-1 is assigned to a trans dioxo group while

the medium band at 568 cm-1 is assigned to a Mo2(0E02 bridging

system. Additional bands in the Mo-0 stretching region can be

assigned to terminal cis Mo(0)2 stretches (918, 872 cm-1) and

isolated M=0 stretches (947 cm-1 ), based on work by Griffith 63 and

Cotton. 64
Finally, the broad, complex band at 1052 cm-1 is as-

signed to the C-0 stretch in the ethoxy groups.49'65 The broadness

and complexity of the peaks in the region from 1100 to 500 cm-1

is attributed to the polymeric nature of the compound.

Although the white sublimate has not been assigned an unambig-

uous structure based upon a single crystal x-ray diffraction study,

the physical evidence points overwhelmingly to a polymeric molyb-

denum(VI)dioxodiethoxide compound. The fact that single crystals

of the compound do not form is in keeping with the well-known ten-

dency of polymers to remain amorphous in the solid state. The low

sublimation temperature, the simplicity of the nuclear magnetic

resonance spectra of the adducted compounds, and the infrared as-
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signment for the trans dioxo species in the solid argue that the

bridging groups are ethoxides and not bridging oxo groups.

While Nebelung and Jahr reported the preparation of a molyb-

denum(VI)dioxodiethoxy ammonia adduct, the physical data presented

on the product were minimal. 36
Attempts to prepare the unadducted

Mo(0)2(OEt)2 using the procedure described by Nebelung and Jahr

were unsuccessful. However, by modifying the reaction slightly,

using NaOEt as the reactant in place of EtOH and ammonia (Equation

4), milligram quantities of sublimable unadducted compound were ob-

(4) Mo(0)2C12 + 2Na0Et Mo(0)2(OEt)2 + 2NaCI

tained.

The chemical nature of Mo(0)2(0E02 was also explored. The

compound was thermally unstable, slowly turning blue at room temper-
.

ature even under an inert atmosphere. However, it can be stored

for long periods at -20°C under dry nitrogen. Gas chromatography/

mass spectroscopic analysis of the gaseous products collected over

the solid heated to 150°C in vacuo showed the following products:

acetaldehyde, diethylether, ethylacetate, ethanol, and traces of

ethylene. Molybdenum oxide compounds are known as catalysts for

the partial oxidation of ethanol (see Table 1). The products

listed above are observed in the catalytic oxidation of ethanol

over supported molybdenum oxide catalysts. 103,120 The compound

rapidly turned blue in the presence of atmospheric moisture. This

reaction undoubtedly involves an initial hydrolysis of the ethoxide
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groups. The color is indicative of a reduced molybdenum(V) com-

pound; however, the nature of the reducing agent is not clear.

Finally, the reactivity of Mo(0)2(0Et)2 was tested in a

variety of reactions suggested by Bradley's work with metal alkox-

ides. 33
Unfortunately, efforts to use Mo(0)2(0E02 as a precursor

to synthesize other Mo(VI)dioxo compounds were largely unsuccess-

ful. Sterically hindered alcohols, such as t-butanol, did not

react with the Mo(0)2(0E02. Silanols, such as triphenylsilan-

ol and diphenylsilanediol, reacted to give the silyl ethers and an

uncharacterized blue solid. Aprotic compounds, such as trimethyl-

silylacetate and t-butylacetate, reacted slowly to give acetic acid

and the silanol or t-butanol, and again an uncharacterized blue pre-

cipitate. Only the reaction with 1,5-pentanedione (acac) proceeded

smoothly to give Mo(0)2(acac)2 and ethanol, Equation 5. The facile

(5) Mo(0)2(OEt)2 + CH3COCH2COCH3 Mo(0)2(acac)2 + EtOH

nature of this reaction was probably due to the replacement of the

monodentate ethoxide group with the bidentate acac group, thus

stabilizing the monomeric six coordinate Mo product.

Molybdenum Trioxide and Tetramethoxysilane

Cocondensation of tetramethoxysilane with molybdenum trioxide

yields a white solid that can be sublimed at 120-130°C and 5 mtorr

to give a yellow-white waxy solid in approximately 30% yield. As

with Mo(0)2(0E02, a blue unsublimable Mo(V) compound was left be-

hind during the sublimation. Gas chromatography/mass spectroscopic
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analysis of the volatiles distilled from the crude solid showed the

primary Si containing compound to be hexamethoxydisiloxane. The

mass spectrum of the crude sublimate showed the presence of several

linear and cyclic polymethoxysiloxanes. Washing the crude sublim-

ate with toluene eliminated the Si containing fragments from the

mass spectrum. The primary Mo containing compound was found to be

Mo(0)2(0Me)2. These two products are consistent with Equation 6.

While Mo(0)2(OMe)2 was similar in many ways to Mo(0)2(0E02, there

(6) M003 + 2(Me0)4Si
MVR

Mo(0)2(0Me)2 + (MeO)3SiOSi(OMe)3

are a number of notable differences.

Mo(0)2(OMe)2 was insoluble in hydrocarbon solvents such as tol-

uene and benzene; however, it was soluble in dimethylsulphoxide.

Figure 7a shows the 1H NMR spectrum of Mo(0)2(0Me)2 in d6- dimethyl-

sulphoxide. The slightly broadened, intense resonance at 4.15 ppm

is assigned to the methyl protons of methoxy groups attached to Mo.

The resonances are shifted considerably downfield relative to

methyl protons for free methanol in dimethylsulphoxide. The

shoulder at 4.0 ppm and the small resonance at 4.25 ppm are also

assigned to methyl protons of methoxy groups attached to Mo. These

resonances are attributed to the oligomeric nature of Mo(0)2(0Me)2

in dimethylsulphoxide. The doublet at 3.15 ppm is assigned to free

methanol in the system and the broadened quintet at 2.49 ppm is

assigned to the solvent. Figure 7b shows the spectrum of the same

solution after five microliters of d4-methanol were added. The
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spectrum shows a large increase in the area under the resonance due

to free methanol in the system (3.15 ppm) and a concomitant de-

crease in the area under the resonances due to methoxy groups at-

tached to Mo (4.0-4.25 ppm) relative to the solvent resonance. The

changes in the relative areas of the resonances indicates the Mo

attached methoxy groups are exchanging with free methanol in solu-

tion, as described by Equation 7. In addition, the fact that all

(7) Mo(0)2(OMe)2 + CD3OD Mo(0)2(OCD3)2 CH3OD

resonances between 4.0 and 4.25 ppm are reduced confirms the assign-

ment of these resonances to Mo attached methoxy groups. Figure 7c,

which shows the spectrum after addition of four microliters of

dl-methanol to the same solution, gives further confirmation of

these assignments. The addition of the CH3OD to the solution

should shift the equilibrium shown in Equation 7 to the left. The

increase in the area under the resonances between 4.0 and 4.25 ppm

relative to the solvent from 3:1 to 4:1 is evidence of this shift.

Figure 7d shows the spectrum after addition of 50 microliters of

d4-methanol to the solution. The equilibrium in Equation 7 is

shifted to the right, as indicated by the dramatic decrease in the

relative area from the attached methoxy protons. The resonances

between 4.0 and 4.25 ppm also collapsed to a sharp singlet at 4.0

ppm, which indicates the Mo compound is monomeric in this solution.

This behavior is similar to that observed for Mo(0)2(0Et)2 in tol-

uene upon addition of a coordinating agent to the solution.
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The mass spectrum for Mo(0)2(0Me)2 is shown in Figure 8. The

set of peaks centered at 192 mass units is assigned to the mono-

meric molecular ion, Mo(0)2(0Me)2-. The set of peaks at 177

arises from loss of CH3 from the molecular ion. The two com-

plex sets of peaks at 379 and 363 arise from the dimeric ions,

Mo2(0)4(0Me)4- and Mo2(0)4(0Me)3(OH)- respectively. These dimeric

ions are taken as direct evidence for the existence of oligomers in

the solid state Mo(0)2(0Me)2.

The infrared spectrum for Mo(0)2(0Me)2 is shown in Figure 13b.

The spectral bands in the C-H stretching (2940 and 2835 cm-1) and

bending region (1450 cm-1) indicate the presence of methoxy groups.

The spectrum is considerably different from that of Mo(0)2(0Et)2

(Figure 13a) in the Mo-0 stretching region (1000-500 cm-1). The

broad, intense band at 816 cm-1 observed for Mo(0)2(0Et)2 is miss-

ing in the spectrum of Mo(0)2(0Me)2; only a shoulder at 803 cm
-1

is

present. The lack of the intense band at 816 cm-1 for Mo(0)2(0Me)2

indicates that the compound is bridging through oxo bridges in addi-

tion to methoxide bridges: The much broader band at 550 cm-1 is

also indicative of more complex bridging in Mo(0)2(0Me)2. The C-0

stretching band at 992 cm-1 is again very broad which also indi-

cates a highly polymerized compound.

As with Mo(0)2(0E02, the physical evidence strongly suggests a

polymeric compound in the solid state. The analytical data and the

mass spectra argue conclusively that the compound is molybdenum(VI)-

dioxodimethoxide. The higher sublimation temperature and the infra

red assignments indicate that the compound is associating through
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oxo bridges as well as through methoxide bridges. The insolubility

of the compound in toluene is also consistent with a higher polymer

compared to Mo(0)2(0E02.

The chemical nature of the compound was similar to that of

Mo(0)2(0Et)2. Mo(0)2(0Me)2 tended to be thermally unstable, al-

though the thermal degradation at room temperature under dry

nitrogen was much slower than that observed for Mo(0)2(0E02. The

gases collected from a sample of Mo(0)2(0Me)2 thermally decomposed

at 150°C in vacuo were analyzed by gas chromatography/mass spectro-

scopy. The analysis showed the following products: dimethylether,

methylformate, dimethoxymethane, methanol, as well as traces of

formaldehyde. McCarron and coworkers found similar products in the

thermal decomposition of Mo205(0Me)2. 49 Mo(0)2(0Me)2 was also quite

sensitive to atmospheric moisture, decomposing within minutes to a

blue compound indicative of a reduced Mo(V) species.

Molybdenum Trioxide and Tetrapropoxysilane

Cocondensation of molybdenum trioxide with tetrapropoxysilane

yielded a crude white solid which could be sublimed in very low

yield at 80-90°C and 5 mtorr, giving a white powder. Greater than

90% of the crude product decomposed during sublimation to form an

unsublimable blue Mo(V) compound. Physical data collected on the

white sublimate are consistent with the formation of Mo(0)2(0Pr)2

as the primary Mo containing product. Gas chromatography/mass spec-

troscopic analysis of the volatiles distilled from the crude pro-

duct showed the primary Si containing product to be [(PrO)3Si]20.

These two products are consistent with the overall reaction given
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in Equation 8. As with the previous two systems, the physical

(8) Mo03 + (PtO)4Si
MVR

Mo(0)2(01302+(PrO)3SiOSi(ON

evidence points to an oligomeric compound.

The mass spectrum for Mo(0)2(OPr)2 is shown in Figure 11.

Similar to Mo(0)2(OMe)2 and Mo(0)2(OEt)2, Mo(0)2(OPr)2 shows the

presence of dimeric compounds in the vapor. The set of peaks cen-

tered at 248 mass units is assigned to the monomeric molecular ion,

Mo(0)2(0P02-. The set of peaks centered at 490 mass units is

assigned to the dimeric molecular ion, Mo2(0)4(0PO4-, as shown.

The presence of the dimeric compound in the mass spectrum is indi-

cative of an oligomeric compound in the solid state.

The infrared spectrum for the Mo(0)2(OPr)2 compound is shown

in Figure 14. The peaks in the C-H stretching (2936 and 2875 cm-I)

and the C-H bending region (1466 and 1380 cm-1) clearly indicate

the presence of the propoxy groups in the compound. The region be-

low 1100 cm-1 is very similar to that of Mo(0)2(OEt)2 (Figure 13a).

The strong, broad band at 837 cm-1 indicates the presence of the

trans dioxo group in the compound. The most striking difference

between spectra of Mo(0)2(OPr)2 and Mo(0)2(OEt)2 is the simpli-

city of the peak in the C-0 stretching region at 1066 cm-1. For

Mo(0)2(OPr)2, the peak is considerably sharper, indicating that the

compound may be less oligomeric than Mo(0)2(OEt)2.

Unfortunately, Mo(0)2(OPr)2 was thermally unstable. Within one

hour the white sublimate decomposed at room temperature under dry
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nitrogen to give a blue Mo(V) compound. The sublimate also decom-

posed rapidly in the presence of atmospheric moisture, giving the

characteristic blue colored compound within seconds of exposure.

These properties, combined with the low yields from sublimation,

precluded any in-depth examination of the compound.

Molybdenum Trioxide and Trimethylmethoxysilane

On the basis of the metal vapor reactions of molybdenum triox-

ide with the tetraalkoxysilanes, it was hoped that the reaction of

trimethylmethoxysilane would result in a molybdenum(VI)dioxo

methoxytrimethylsiloxy compound according to Equation 9. The

(9) MoO3 + Me3SiOMe MVR
Mo(0)2(OMe)(OSiMe3)

molybdenum(VI)dioxo compound with one methoxy group and one siloxy

group attached would be an ideal model compound for silica sup-

ported molybdenum oxide catalysts in methanol oxidation.

Cocondensation of molybdenum trioxide with trimethylmethoxy-

silane gave a bluish-white solid in approximately 60% yield. The

solid could be sublimed in very low yield at 100-110°C and 5 mtorr

to give a white powder. Greater than 95% of the crude product de-

composed to give a blue unsublimable product. Gas chromatographic

analysis of the. volatiles distilled from the crude product showed

only the starting material and small amounts of hexamethyldisiloxane.

The mass spectrum for the sublimate (Figure 12) shows the pres-

ence of the two primary molybdenum-containing fragments in the gas

phase. The set of peaks centered at 250 mass units arises from
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Mo(0)2(0Me)(0SiMe3). The set of peaks centered at 308 mass units

arises from a monomeric fragment containing two trimethylsiloxy

groups, Mo(0)2(OSiMe)2. Other monomeric fragments, including

Mo(0)(0SiMe)3 and Mo(0)2(0Me)2, as well as fragments from dimers,

are also observed. There are two likely explanations for these

mass spectral results: (1) The solid exists as a mixture of molyb-

denum siloxides and alkoxides in the solid state. (2) The dif-

ferent vapor species arise from the cleavage of the bridging bonds

in the polymeric solid, Figure 15. Cleavage at the positions shown

in Figure 15a in the polymer would lead to the vapor species con-

taining two siloxy groups. Cleavage at the positions shown in

Figure 15b in the polymer would lead to the vapor species contain-

ing one siloxy group and one methoxy group. The presence of the

dimeric fragments in the mass spectra argues that the solid state

molybdenum compounds are oligomeric in nature.

The infrared spectrum for the white sublimate, shown in Figure

16, also gives evidence for the presence of both methoxy and siloxy

groups in the solid. The peak in the C-H bending region (1445

cm-1) clearly indicates the presence of the methoxy groups in the

compound. The sharp, intense peak at 1250 cm-1 is assigned to the

trimethylsiloxy group in the solid." The region below 1200 cm-1

is very similar to that observed for both Mo(0)2(0Et)2 (Figure 13a)

and Mo(0)2(OPr)2 (Figure 14). The strong, broad band at 828 cm-1

is again taken to indicate the presence of the trans dioxo group in

the compound. The band at 1011 cm-1 is assigned to the C-0 stretch

and the band at 570 cm -1 is assigned to the bridging Mo2(0R)2
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group.

The sublimate was thermally unstable, decomposing to form a

blue molybdenum(V) compound within two hours under dry nitrogen at

ambient temperature. The sublimate was also sensitive to atmos-

pheric moisture, forming a blue decomposition product within sec-

onds of exposure. The gases collected from a sample of the white

sublimate thermally decomposed at 150°C in vacuo were analyzed by

gas chromatography/mass spectroscopy. The analysis showed the fol-

lowing products: methanol, dimethylether, methylformate, dimethoxy-

methane, trimethylmethoxysilane, and hexamethyldisiloxane. The

white sublimate was also photodecomposed using UV radiation from a

mercury vapor lamp. The products from the photodecomposition of

the white sublimate were similar to those observed in the thermal

decomposition. The gas chromatography/mass spectra showed meth-

anol, methylformate, dimethoxymethane, and hexamethyldisiloxane.

The products observed in these studies are similar to those ob-

served by McCarron in the decompostion of Mo205(0Me)2. 49
The pro-

ducts are also similar to those observed in the thermal decomposi-

tion of Mo(0)2(0Me)2 (pg 11) and in the study of the catalytic

oxidation of methanol over oxide supported molybdenum oxide cata-

lysts (see Section Two).

As with Mo(0)2(0P02, the thermal instability and the low yields

from sublimation prevented complete characterization of the cocon-

densation product. However, the mass spectra and infrared spectra

show the presence of both methoxy and trimethylsiloxy groups. The

mass spectral evidence, in particular, clearly shows that at least
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part of the product was composed of the target compound as given in

Equation 9, Mo(0)2(0Me)(0SiMe3).

Molybdenum Trioxide and Trimethyl-t-butoxysilane

As with trimethylmethoxysilane, the expected product from the

metal vapor reaction of trimethyl-t-butoxysilane with molybdenum

trioxide was a molybdenum(VI)dioxo compound with one t-butoxy group

and one trimethylsiloxy group attached, Equation 10. Chisholm

(10) M003 + Me3SIO4 -Bu MAR Mo(0)2(0SiMe3)(0-1-Bu)

prepared monomeric Mo(0)2(0-t-Bu)2 by oxidizing Mo2(O- t -Bu)6 with

molecular oxygen. 45 Based upon these results, it was hoped that

the product from Equation 10 would be a stable monomeric Mo(VI)

compound.

Surprisingly, the reaction yielded a blue unsublimable solid.

Gas chromatography/mass spectroscopic analysis of the liquid dis-

tilled from the solid product showed large amounts of isobutene and

hexamethyldisiloxane along with a small amount of t-butanol in the

starting material. The presence of isobutene in the volatiles indi-

cates the t-butoxy group is unstable toward hydride abstraction in

the cocondensate. It is interesting to note that the difference in

stability between Mo(0)2(0Me)2 and Mo(0)2(0Me)(0SiMe3) follows a

similar pattern. Sublimed Mo(0)2(0Me)2 was thermally stable under

dry nitrogen, while sublimed Mo(0)2(0Me)(0SiMe3) decomposes at room

temperature under dry nitrogen.



57

Cocondensation Products as Model Compounds

As was stated in the introduction, one of the initial goals of

this study was the isolation of model catalytic compounds. The

products of the cocondensation reactions of molybdenum trioxide

with tetramethoxysilane, trimethylmethoxysilane, and tetraethoxy-

silane all behave as model compounds for the catalytic oxidation of

alcohols. The decomposition products for each of the compounds are

very similar to the products observed in the catalytic oxidation of

ethanol and methanol by molybdenum oxides. The mechanism for these

catalytic oxidations of alcohols is thought to proceed through the

formation of an alkoxide on the surface of the catalyst. 123,124

The compounds are remarkably active for the oxidation of the

attached alkoxy groups. The formation of the oxidation products

below 150°C in the thermal decomposition studies and during the

sublimation illustrates the activity. A typical reaction tempera-

ture used in the oxidation of methanol to formaldehyde over molyb-

date catalysts is 300°C. 113
Additional evidence for the activity

can be found in the observation of butenes in the volatiles dis-

tilled from the product of the cocondensation reaction of molyb-

denum trioxide with tetra-s-butoxysilane. The expected products

based upon previous reactions of tetraalkoxysilanes with molybdenum

trioxide are given in Equation 11. However, the s-butoxide was ap-

(11) MoO3 + Si(O-s-Bu)4
MVR

Mo(0)2(0-s-Bu)2 + [(0-s-Bu)3Si)20

parently much more unstable towards hydride abstraction.
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Only a blue unsublimable solid was obtained. Cis and trans butenes

were the primary impurities found in the volatiles distilled from

the blue solid. The formation of the butenes takes place at the

distillation temperature, between 25°C and 50°C. The thermal in-

stabilities of the molybdenum(VI)dioxodialkoxides are consistent

with those observed by Chisholm for neopentoxide and isopropoxide

molybdenum(VI)dioxo compounds. 46 In all cases the oxidation pro-

ducts observed arise due to C-H bond cleavage, which is known to be

the rate limiting step in the catalytic oxidation over molybdate

catalysts. 124
'

125
The proposed active site for the hydride

abstraction is a Mo=0, see Figure 21. The proposed structure for

the polymeric compounds is consistent with this hypothesis, with

all of the cocondensation products containing Mo-0 groups.

The observation of methylformate, dimethoxymethane, and di-

methylether in the decomposition products of the methoxy compounds

and ethylacetate and diethyl ether in the decomposition products of

the ethoxy compound argues that undesired side reactions are taking

place in the oxidation process. Sleight116 and Liu119 have

postulated that a loss of selectivity observed in molybdenum oxide

catalysts is due to secondary reactions that occur when the alde-

hyde is readsorbed on the catalyst. Similar reactions could be

taking place in the decomposition reactions of the model compounds.
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CONCLUSION

The metal vapor reaction of molybdenum trioxide with alkoxysil-

anes provides a synthetic pathway to several interesting molybdenum

alkoxides and siloxides. The technique is limited by two factors:

(1) The volatility of the silane; the current experimental setup

makes the introduction of substrates with boiling points above ap-

proximately 150°C very difficult. (2) The stability of the alkoxide

or siloxide produced; the thermal instability of the products from

the condensation of several of the silanes clearly illustrates this

problem.

The sublimed cocondensation products of all the silanes are

polymeric molybdenum(VI) compounds. The products from the reaction

of tetraethoxysilane and tetramethoxysilane are Mo(0)2(0E02 and

Mo(0)2(OMe)2 respectively. The thermal instability of the cocon-

densation product of molybdenum trioxide with tetrapropoxysilane

prevented the complete characterization of the product. However,

the evidence strongly suggests that the product is a molybdenum(VI)

propoxide compound, Mo(0)2(OPr)2. The general reaction for the

metal vapor reaction of molybdenum trioxide with tetraalkoxysilanes

is given in Equation 12. Experimental evidence from the charac-

MVR
(12) MoO3 + Si(OR)4 Mo(0)2(0R)2 + (R0)3SiOSi(OR)3

R = Me, Et, Pr

terization of the product from the interaction of molybdenum tri-

oxide with trimethylmethoxysilane indicates the product has both
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methoxy and trimethylsiloxy groups attached to a molybdenum(VI)-

dioxo group. However, the evidence is insufficient to determine

the exact nature of the product.

The compounds are good model compounds for the catalytic oxida-

tion of the respective alcohols over molybdate catalysts. The

similarity of the decomposition products of the ethoxide and meth-

oxide to those observed in the catalytic oxidation of alcohols is

strong evidence that the mechanism for catalytic oxidation involves

the formation of a surface alkoxide. In addition, thermal instab-

ility differences were observed between cocondensates containing

OSiR3 groups and compounds without the OSiR3 group (Mo(0)2(0Me)2 vs.

Mo(0)2(0Me)(0SiMe3) and Mo(0)2(0-t-Bu)2 vs. Mo(0)2(0-t-Bu)(0SiMe3)).

Similarly, reactivity differences were observed between silica sup-

ported molybdenum catalysts and unsupported molybdenum catalysts.
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II. INVESTIGATION OF OXIDE SUPPORTED MOLYBDENUM CATALYSTS

PREPARED FROM MOLYBDENUM(VI)DIOXODIETHOXIDE

INTRODUCTION

The use of supports in catalysis has been in practice for well

over 50 years; researchers realized very early that dispersion of a

catalytic compound on a surface had many advantages. 67 Despite

the length of time in which these systems have been in use, the

nature of these systems is still the subject of much speculation

and an area of intense research activity.

Virtually any element in the periodic table can operate as a

catalyst, either in its elemental form or as a compound, 68
'

34 and

often more than one compound is used in some combination. In

addition, experimental factors such as catalyst preparation and

activation, as well as reaction conditions, dramatically affect the

behavior of a catalyst. Compounding these problems is the fact

that catalytic research is often carried out in the industrial

sector. Companies developing new catalysts have an economic

interest in keeping proprietary information confidential. Academic

researchers are also at fault, often failing to report details on

the preparation of their catalysts and on the conditions under

which reactions take place. Development of a coherent research

strategy under these conditions is a difficult undertaking.

Despite all these problems, considerable progress has been made

in understanding the catalytic process. The increasing sophistica-
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tion of techniques used to probe catalytic systems, combined with

the continuing evolution of theoretical approaches, has allowed

researchers to more fully understand old catalytic systems and to

develop new catalytic systems.

One of the more recent strategies used in catalysis research is

the preparation of well-defined supported catalysts. 69
'

70 Using

well-characterized precursors and support structures, a number of

new catalyst systems have been developed and studied. Part Two of

this thesis is a survey of a series of fixedl* inorganic oxide

supported molybdenum oxide catalysts.

Heterogeneous Catalysis

Catalysts that exist in a phase different than that of the

reactants with a distinct interface existing between the two are

commonly referred to as heterogeneous catalysts. This is opposed

to homogeneous catalysts, in which both reactants and catalyst

exist in the same phase. Most industrial catalysts are heterogen-

eous, involving the interaction of gases and liquids with solid

state catalysts, primarily due to the ease of separating the ex-

pensive catalyst and the products (see Table 3). For this reason,

research has centered around the characterization of these solids

and development of theories involving the interaction of molecules

with surfaces.71,72

A number of physical and chemical processes take place in any

heterogeneously catalyzed reaction. In general, there are five

1
*-Fixed catalysts are defined as catalysts prepared using well-
defined reactions that attach the catalytic moiety directly to the
surface via covalent bonds.
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Table 3

Advantages and Disadvantages for
Heterogeneous Catalysts

Advantages

1 Separation and recovery - easily removed from reactant mix for
recovery and regeneration

2 Durability - catalysts can be used in fixed and fluidized beds

3. High Activity - Heterogeneous catalysts are highly active for a
broad spectrum of reactions.

4 Thermal Stability - Catalyst may be used under vigorous con-
ditions, particularly oxide supported catalysts

5. Chemical Stability - Generally more stable towards water and
oxygen than homogeneous systems. (Can be poisoned by soft
ligands such as sulfur.)

6. Ease of Handling - Relatively easy to handle in large scale
operations

Disadvantages

1. Heterogeneity - Nature of system leads to more than one active
site

2. Low efficiency Not all atoms of the catalyst may participate in
the reaction

3. Low Selectivity - heterogeneity of surface may lead to catalysis
of side reactions, severe reaction conditions may also
contribute.

4. Difficult Design Changes - Ill-defined surfaces lead to
difficulty in design and improvement of the catalyst.

5. Reproducibility the activity and selectivity are sensitive to
the method of catalyst preparation and activation.

6. Poisoning - heterogeneous catalysts are more prone to deactiva-
tion by poisoning.
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elementary steps that take place: 73
(1) Diffusion of the reac-

tants to get to the surface, (2) adsorption of the reactants on the

surface, (3) chemical reaction producing the products, (4) desorp-

tion of the product from the surface, and (5) diffusion of the

product away from the surface. All of these steps are important in

the understanding of the catalytic process. However, step three is

most often the rate limiting step and the process with which this

thesis will most directly concern itself.

There are three mechanisms that are used most often to explain

kinetics observed for chemical reactions that take place on the

surface of a catalyst. The simplest of these is the unimolecular

mechanism, in which an adsorbed molecule simply decomposes on the

surface to form the product. This mechanism is represented

schematically in Figure 17a. Figure 17b represents the Langmuir-

Hinshelwood (L-H) mechanism. In the L-H mechanism, both reactant

molecules are adsorbed on adjacent sites. The third mechanism

commonly used is the Rideal-Ely (R-E) mechanism, in which an

adsorbed molecule reacts with a gas phase molecule or van der Waals

layer, represented in Figure 17c.

One of the earliest concepts concerning the mechanism of het-

erogeneous catalysis was that of the "active site." The active

site hypothesis states that only certain molecules at the surface

are responsible for its catalytic behavior. Taylor is generally

given credit for the full development of the concept,74 even

though the genesis of this idea probably came from Langmuir's work

with platinum several years earlier.75 Balandin extended the



(a)

(b)

(c)

AI

A B

vs."1"."...."L"..

®
AI

s,""".",".,

A B
jINA,

A B
NrJwn.rvv.,,

""^"."ABL.n.",

CLNrAW. I\N"..

CL,Wv\,,

65

Figure 17. Schematic representation of basic mechanisms for catalytic
reactions at a surface: (a) unimolecular mechanism (b)
Langmuir-Hinshelwood mechanism (c) Ely-Rideal mechanism.
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active site model in the late 1920s to include active sites that

consist of groups of molecules.78'77 More recently, these ideas

have been used to develop the bond-strength-model-of-active-sites

(BSMAS)78 and the crystallochemical-model-of-active-sites (CMAS).79

These last two theories attempt to describe catalytic pathways in

terms of the geometric and energetic fit between the adsorbed

molecules and the catalyst. Evidence supporting the active site

concept includes the loss of catalytic activity when relatively

small amounts of poison are adsorbed on a surface" and a number

of experiments showing that different crystallographic planes

catalyze different reactions. 81,82,62

A large number of industrial catalysts are metals or metal

oxides fixed to a support. The most obvious reason for this prac-

tice is the dispersion of the active phase, maximizing the surface

area of the catalyst where the chemical reactions take place.

However, the support may work in other ways to promote the activity

and selectivity of a catalyst. It may provide some geometrical

restrictions to the incoming reactants or bind them in a way that

activates the reactants for the catalytic center. Enzymes and

metalloenzymes have been catalyzing reactions in this manner for

eons.83 The support may stabilize an active catalyst geometry

that is unknown or in low concentration in the solid state.89'7°

Attachment of a catalyst to a support may provide some protection

against poisoning. Finally, the support may alter the electronic

makeup of the catalyst by donating or accepting electron density

and changing the redox characteristics of the catalyst.84
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The effectiveness of a catalyst is evaluated based upon two

characteristics: activity and selectivity. Activity describes the

ability of the catalyst to accelerate the rate at which a reaction

comes to equilibrium at a given temperature. Selectivity describes

the ability of the catalyst to preferentially accelerate a partic-

ular reaction relative to another that may lead to undesirable side

products. Ideally, the use of a catalyst should lead to a large

increase in the rate of a reaction and also give only one product.

Catalyst Preparation

The method of preparation of a catalyst and its pretreatment

can radically change the effectiveness of a catalyst. The impor-

tance of this particular aspect of catalyst science is attested to

by the large volume of research that can be found in the liter-

ature. 85
While there are as many ways to prepare catalysts as

there are actual catalysts, only a brief overview of the most

common preparation methods and those methods pertinent to the

current research will be described.

The most common methods for preparing supported catalysts in-

volve application of an active precursor to the support. The pre-

cursor is usually supported using one of three methods: adsorption,

impregnation, or precipitation." Adsorption is used where heavy

loadings are unnecessary or undesirable, i.e. support of noble

metals. In the adsorption method, the properties of the precursor

are adjusted to promote interaction between the support and pre-

cursor. Impregnation or precipitation is used when higher catalyst

loadings are desired. For impregnation, a solution containing the
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precursor is brought into contact with the solid support and then

the solution is slowly evaporated. In the precipitation method,

ions of the precursor and support are coprecipitated from solution,

usually as hydroxides. In all cases above, the adsorbed species

undergo further treatment (pretreatment) to activate the catalyst

prior to use. This typically involves some oxidation-reduction

cycle and various heat treatments.

The chemistry of the above methods is exceedingly complex and

the end product is generally not easily characterized. The final

state of the catalyst depends upon the initial state of the sup-

port, the nature of the precursor in solution, and the changes the

catalyst undergoes during pretreatment. This is particularly true

for molybdenum catalysts made by adsorbing molybdate solutions onto

supports. The complex nature of molybdate anions in solution is

well documented; 87'88 even with careful control of the pH,

several different anions may be deposited on the surface. W. Keith

Hall has proposed a mechanism for the interaction of molybdate

anions with oxide surfaces in which the catalyst loading also

depends on surface charging. 89 ' 90 A low pH in the solution

promotes clustering of molybdate anions because of the presence of

adjacent surface sites carrying positive charges. There is also

evidence that molybdenum species on a surface are mobile and that

thermal treatments of the catalyst may lead to aggregation or

segregation depending upon the conditions. 91
'

92 All of these

factors combine to create considerable disparity in reported

findings concerning supported molybdenum oxide catalysts.
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In the late 1960s researchers began working on the attachment

of homogeneous catalysts to insoluble supports.93 They hoped to

take advantage of both the selectivity of homogeneous catalysts and

the convenience of heterogeneous catalysts. The initial work was

done primarily on polymeric supports such as polystyrene, but in

the early 1970s the techniques were extended to the more robust

metal oxide supports. 94

With the previously described industrial catalyst preparations,

the initial interaction of the catalytic species with the surface

is typically electrostatic in nature. Covalent bonds may form in

the pretreatment of the catalyst, but the complexity of the chem-

istry makes characterization of the active form of the catalyst

difficult. The chemistry of attachment of homogeneous catalysts to

supports is much simpler. It involves reaction of a surface

functional group, most often a hydroxyl group, with the catalytic

precursor leading to the direct formation of covalent bonds. Using

this methodology, the homogeneous catalyst may be isolated on a

surface in an activated form, thus preventing aggregation which

deactivates the catalyst. The surface attached species may also be

modified by other chemical reactions (oxidation, reduction, etc.),

allowing preparation of new catalytic species.

Ballard95 and Yermakov96 showed that transition metal w-allyl

complexes could be reacted with the hydroxyl groups of metal oxide

supports, Equation 13. Yermakov developed this chemistry in some

C3F1542

M

(13) OH OH 0 0
+ M(a -C3H6)x + 2C3H6
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detail, extending the synthetic approach to the interaction of Zr,

Cr, Mo, W, Ni, Pt, and Pd ir -allyl complexes with both silica and

alumina supports. 97
The activities of the catalyst were inves-

tigated for a variety of reactions, including ammonia synthe-

sis,98'99 olefin and diene polymerization,96 metathesis,100 and

hydrogenation.97 Yermakov also investigated the catalytic activ-

ity of the supported metals after oxidation and reduction of the

surface attached compounds. 98
'

99
Iwasawa expanded on Yermakov's

work with the supported Mo compound in the late 1970s and early

1980s.17,101 -109 During these investigations, surface supported

species prepared by reacting Mo(w-C3H6)4 and Mo2(w-C3H6)4 with

alumina and silica were studied in detail. The structure of the

supported compounds was probed using a variety of spectroscopic

methods, including XPS, UV reflectance, EPR, IR, Raman, EXAFS, and

photoluminescence. In addition, the oxidation and reduction stoi-

chiometry of the catalyst was carefully recorded as a function of

temperature. Using this data, schemes detailing the various oxida-

tion states and structures accessed during the redox cycles of the

catalysts were developed. Figure 18a and 18b show the schemes for

the monomeric molybdenum compound supported on silica and alumina

supports. 101
Figure 19a and 19b show the schemes for the dimeric

molybdenum compound supported on silica and alumina supports. 109

Iwasawa et. al. also investigated the activity of these catalysts

in a number of catalytic reactions, including oxidation of ethan-

o1, 17,105 oxidation of propene, 102,107
metathesis, 103,104 and CO

hydrogenation. 108



SI.O.... ,C3 He
Mo

SI--0...
ce He

8

...-SI 0 4°
SI 0"...

Mo
N0

H2,870K
i

Si

Z51

IH2,870K

iSI .

...-- 0

0"...
Mo

02,273K

0
Mo= 00**.

02 573K,

H2,723K SI

Z_0` /C3 H5

MOAl 0.... \
Hs

b

0AI 0, 4.
Mo

AI......0"- \''.
co

H2,870K

H2,870

02,573K

1

02,273K

Al 0,
Mo= 0

AI-..... 0./

71

Figure 18. Reaction scheme for monomeric molybdenum supported on (a)
silica and (b) alumina using Mo(w-ally1)4 as the active
precursor.
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Figure 19. Reaction scheme for dimeric molybdenum supported on (a)silica and (b) alumina using Mo2(n-ally1)4 as the activeprecursor.
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The method of using organometallic compounds to anchor metals

to supports has yet to produce a commercially viable catalyst;

however, the flexibility of the method and the potential for

producing supported catalysts with high activity and selectivity

insure that the area will continue to see much activity.

Supported Molybdenum Oxide Catalysts

Molybdenum containing catalysts are important in a variety of

industrial reactions (see pg. 2). During the investigation con-

ducted in this laboratory, the activities of the catalysts were

explored for alcohol oxidation, metathesis, Fischer-Tropsch reac-

tions, and the total oxidation of organic solvents. A brief over-

view of some of the literature of supported molybdenum oxide cat-

alysts with relation to these reactions follows.

Alcohol Oxidation

The partial oxidation of methanol to formaldehyde over ferric

molybdate catalysts has been studied extensively. The literature

discussing oxidation over supported molybdenum oxide catalysts is

much more sparse. However, there continues to be some interest in

the support of active Fe2(Mo04)3 or MoO3 phases primarily as a

means of improving the mechanical properties of the catalyst. 52,110

The problem that has been encountered in supporting the molyb-

date catalysts has been loss of selectivity toward formaldehyde,

particularly when high surface area supports were employed. 110-112

The most prevalent explanation for the loss of selectivity has been

the formation of surface formyls on the support followed by oxida-

tion to formic acid, carbon monoxide, and carbon dioxide. Trifiro
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found that both A1203 and Si02 were active for oxidation of meth-

anol when

gated the

fixed-bed

Zr02, and

at 200°C,

employed in a fluidized bed reactor. 113 Sleight investi-

oxidation of formaldehyde over a number of supports using a

differential recycle reactor. He found that A1203,

TiO2 catalyzed the complete oxidation of formaldehyde

while Si02 was found to be inert up to 300°C. 112,114

Further structural investigation of the Si02 supported catalyst

revealed the existence of separate molybdenum oxide phases, and the

loss of selectivity was attributed to support-oxide interactions. 114

Liu, et. al., also gave evidence supporting secondary oxidation as

the primary reason for loss of selectivity. In their investigation

of methanol oxidation over TiO2 supported molybdenum oxide cat-

alysts, they found that the selectivity to formaldehyde increased

dramatically as the surface coverage approached a monolayer. 115

Only a few studies on the partial oxidation of ethanol over

supported molybdenum catalysts were found. Iwasawa, et. al., com-

pared the activity and selectivity of catalysts prepared by con-

ventional impregnation methods to that of catalysts prepared using

Mo(r-C3H6)4 and Mo2(r-C3H6)4. 17,109 They found the catalysts

prepared from the allylic molybdenum compound to be both more

active and selective than the impregnation catalyst for oxidation.

Structural and environmental differences and their effects on the

Mo=0 bond are used to explain the activity and selectivity differ-

ences between the "fixed" and impregnation catalysts. Ono studied

changes in activity and selectivity for ethanol oxidation as a

function of molybdenum content for a series of TiO2 supported cat-



75

alysts.116 They found a slight enhancement in the reaction rate

in relation to unsupported Mo03 with a maximum enhancement at

around 6% Mo. The enhancement was explained in terms of increased

concentration of an active amorphous phase and a slight weakening

of the Mo-0 bond.

A number of researchers have supplied good experimental evi-

dence in the past several years for a two-step reaction mechanism

in the partial oxidation of alcohols. The first step in the reac-

tion involves dissociative adsorption of the alcohol at a molybde-

num center forming a surface alkoxide. 117-119
The second primary

step in the reaction is hydride abstraction from the adsorbed alk-

oxide, which is known to be the rate limiting step.53'58 The

formyl group, formed with the hydride abstraction, then desorbs

along with the side product, water, followed by reoxidation at the

molybdenum center. The active site for the reaction is thought to

be a coordinatively unsaturated Mo(VI) center with terminal oxo

groups. Both one-center17,117 and two-center78'1°9 mechanisms

have been hypothesized, but ab initio quantum mechanical calcula-

tions support a two-center mechanism for surface molybdates. 120

A proposed two-center catalytic mechanism is pictured in Figure 20.

Metathesis

Olefin metathesis, as described by Equation 14, has been

a b.e
(1 4) %NN.

cAd g h

a b

g h

studied intensely since the reaction was first discovered in
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Figure 20. Two center mechanism for the oxidation of methanol to
formaldehyde using a supported molybdenum oxide.
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1964, 121 and a number of reviews have been written on the sub-

122-124ject. The most active elements in this reaction are Mo,

W, and Re; systems without these elements catalyze the reaction

only above 700°C.

Molybdenum oxides, chlorides, and carbonyls have been reported

as active catalysts when supported on Si02, A1203, and TI02. 124 A

majority of the studies have been done on catalysts prepared using

standard impregnation methods. The difficulty in fully characteriz-

ing these systems has led to conflicting reports on the oxidation

state and the structure of the active site, and the role of the

support. The preparation of well-characterized surface supported

compounds has offered an opportunity to study these problems in a

new way. Both Yermakov and Iwasawa have reported on the meta-

thesis of olefins over supported molybenum compounds made from

allyls. 103,104,125 In their studies, they found the active site

to be a coordinatively unsaturated tetravalent Mo center. Iwasawa

found no correlation between the concentration of Mo5+ centers

and the activity of the catalyst. Indeed, he found that a sup-

ported dimeric Mo 5+ catalyst (0Mo5+-0- 5+Mo-0) showed less activ-

ity than catalysts prepared using impregnation methods. 104 They

also observed that the activity of the catalyst depended on the

support. This was explained on the basis of different rates

of degenerative and productive metathesis and frequency fac-

103,104,117tors. The rate of productive metathesis was reported

to decrease in the order Si02-A1203 > A1203 > Si02. 104 Rappe and

Goddard have also reported ab initio quantum chemical calculations,
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indicating that the spectator oxo ligands may play a role in

stabilizing intermediates in the reaction. 126,127 Studies by

Muetterties showing lack of activity of tungsten chloride systems

in the strict absence of oxygen seem to support the theoretical

work.128

A metal carbene chain mechanism (Figure 21a) is generally ac-

cepted for the olefin metathesis reaction; however, the genesis and

nature of the intermediate carbenes and metallacyclobutanes con-

tinue to be active areas for research. 122-124 The investigation

of the initial carbene formation has been particularly active with

several mechanisms proposed. Most recently Iwasawa and Hamamura

have hypothesized formation of a carbene by a 1,2-hydride shift fol-

lowing formation of a surface alkenyl intermediate (Figure 21b) for

propene metathesis over supported molybdenum catalysts. 129

Fischer-Tropsch Catalysis

Fischer-Tropsch (FT) chemistry is defined as the hydrogenation

of carbon oxides to produce higher hydrocarbons and alcohols. The

basic reaction was first discovered and investigated by Franz

Fischer and Hans Tropsch in the early 1920s. 130 After the ini-

tial flurry of activity in the field following the discovery of the

process, the research activity has been closely related to the

availability and price of hydrocarbon feedstocks. A large number

of elements have been found to be active in FT chemistry, including

Fe, Co, Ni, Ru, Rh, W, and Mo. The catalyst chosen generally

depends on the end products desired.

A moderate amount of work has been done on molybdenum con-
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Figure 21. (a) Metal carbene chain mechanism for olefin metathesis.
(b) 1,2-Hydride shift mechanism for the initial formation
of a carbene on molybdenum.
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taining catalysts in FT chemistry. In general, the activity of the

Mo containing catalysts is significantly less than Fe and Ni cat-

alysts. Initial work done by Shultz and Anderson on supported Mo

catalysts made using impregnation or coprecipitation methods showed

relatively low activity with a tendency to produce low molecular

weight gases (LPG). 131
Later research showed similar activity

and selectivity for a variety of low surface area unsupported molyb-

denum catalysts and supported catalysts prepared using molybdenum

hexacarbony1.130 Some interest in Mo FT catalysts has been main-

tained in the industrial sector, primarily due to their resistance

to sulphur poisoning. Murdick and Murchison reported on the pre-

paration of a supported alkali metal promoted catalyst that was

active for LPG production at high temperatures and pressures. 132,133

Finally, Iwasawa and Ito recently reported on the activity and

selectivity of supported catalysts prepared using molybdenum allyl

compounds in the FT synthesis. 108 In agreement with the earlier

studies, they found the catalysts were selective for LPGs. How-

ever, the rates for Mo 2+ species were 3 to 4 times those of

impregnation catalysts under the same conditions.

A number of mechanisms have been developed for the FT reaction

primarily from analysis of product distributions and the incorpora-

tion of isotopic labels. The most commonly cited mechanisms have

been summarized in Figures 22a and 22b.13° The most common

mechanism cited in heterogeneous reactions producing hydrocarbons

is the carbide mechanism. In 1980 and 1981, Petit and Brady

reported on a set of particularly elegant experiments supporting
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this mechanism.134,135 In their first experiment, they found

that surface carbenes produced by the decomposition of diazomethane

reacted to give a product distribution very similar to those found

for the FT reaction. In their second experiment, they used diazo-

methane added to a syngas feedstock to differentiate between the

enolic-2 mechanism, the CO insertion mechanism, and the carbene

mechanism. The choice of a mechanism(s), however, ultimately de-

pends on the experimental data for a particular reaction and no one

mechanism explains all of the experimental results seen thus far.

The common thread running through the mechanisms is that chain

growth occurs through addition of carbon atoms one at a time. Using

this assumption, the Flory equation was developed, Equation

15, where 8n is the number of moles of carbon number n and a is the

(15) enBian-i

probability of chain growth. (Equation 15 also assumes that the

probability of chain growth is constant over the carbon number).

The Flory equation has proven to be very successful in predicting

the distribution of carbon products produced in an FT synthesis.
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Figure 22. (a) Mechanisms for chain initiation in Fischer-Tropsch

reactions.
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EXPERIMENTAL

Materials

Toluene (Baker) was distilled from Na/Benzophenone under dry

nitrogen immediately prior to use. Methanol (Baker), Ethanol

(Baker), Acetone (Baker), and Tetrahydrofuran (Fischer) were used

without further purification. Dioxygen, nitrogen, compressed air,

synthesis gas (50.9% CO and 49.1% H2, Air Products), and propyl-

ene (Scott Specialty Gases) were commercially available and used

without further purification.

Silica gel (340 m2/g, Baker 60-200 mesh silica gel), Alumina

(155 m2/g, Fischer 80-200 mesh, neutral, Brockman activity I),

titania (8.8 m2/g, Baker), and zirconium dioxide (23.4 m2/g,

Teledyne-Wah Chang) were all used without further purification.

Physical Measurements

IR spectra were obtained on a Mattson Sirius 100 FT-IR or a

Nicolet 5DXB FT-IR with 2 cm -1 resolution. Solid samples were

run as kBr pellets. Gas chromatography/mass spectrometry (GC/MS)

and mass spectrometry samples were run on a Finnigan 4000-23 with a

4500 ion source; EI samples were taken at 50 eV potential. Routine

gas chromatography was done on a Hewlett-Packard 5710A thermal con-

ductivity detector gas chromatograph (TCGC) connected to an HP

3392A integrator or a Hewlett-Packard 5830A flame ionization de-

tector gas chromatograph (FIDGC) connected to an HP 18850A termin-

al/integrator. BET measurements were taken on a Quanta Chrome-Mono-

sorb Surface Analyzer at Teledyne-Wah Chang in Albany, Oregon.
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Chemical analyses were done at the Albany Bureau of Mines using

standard wet chemical methods.

Catalytic Reactor

The apparatus used in the study of the various catalytic sys-

tems is diagrammed in Figure 23. The heart of the apparatus is the

reactor (a), a simple Pyrex or quartz flow tube plugged with a sin-

tered glass disk that provides a support for the catalyst bed. For

high temperature runs, the tube is surrounded by a 3.5 cm internal

diameter, 3.5 amp cylindrical oven controlled by an Omega Engineer-

ing Co. Model CN300-K-C programmable temperature controller. The

copper exit tube leading to the GC was wrapped with a heating tape

and heated to approximately 75°C to prevent condensation of pro-

ducts coming off the catalyst. For reactions run at ice tempera-

ture, a copper u-tube replaces the straight exit tube. The u-tube

and reactor are then immersed in an ice bath (b).

Gas flow rates were controlled by an Aalborg Model GP054 gas

proportioner using one FM042-15G rotameter, and one FM032-41ST rot-

ameter (c). Gas phase feed stocks were introduced undiluted or by

mixing the gas with prepurified nitrogen in the gas proportioner.

Liquid phase feed stocks were introduced in the vapor phase by sat-

urating a carrier gas with the vapor of the organic compound to be

converted (i.e. methanol, ethanol, etc.) using a simple gas scrub-

ber with a sintered glass dispersion tube attached (d).

Gases are sampled with a Valco AT6P autoinjection valve oper-

ated by a Digital Valve Interface and Helical-Drive Actuator (e).

250 microliter samples were injected directly onto the HP-5830A
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Figure 23. Schematic drawing of apparatus used for catalytic reactions.
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FIDGC fitted with 6-foot porapak (catalytic oxidation) or 6-foot

graphpac/picric acid (metathesis) columns for separation and anal-

ysis. Analysis for CO2 was done by sampling the gases behind the

autoinjector valve through a T fitted with a septum cap. 500 micro-

liter samples were taken using a gas tight syringe and injecting

onto the TCGC fitted with a 6-foot porapak QS column.

Molybdenum on Silica

Silica was activated by heating in vacuo to 200° C for 12

hours. 1 g of the activated silica was slurried in 10 ml of fresh-

ly distilled toluene under argon. A yellow solution of 60 mg of

Mo02(0Et)2 in 40 ml of toluene was slowly added to the slurry under

argon. The solution was stirred for 2 - 6 hours during which time

the solution decolorized and the silica took on a pale green color.

GC/MS analysis of the reactant solution showed the filtrate to

be primarily toluene with traces of ethanol. The solid catalyst

was extracted with toluene for 6 h before drying in vacuo for 12 h

at 130°C. During extraction, the solid catalyst changes color from

pale green to blue. Molybdenum analysis of the solid catalyst

showed 2.0 weight percent ( %w /w) was supported on the silica. The

catalyst was stored under inert atmosphere until just prior to use.

IR spectra of silica support with no molybdenum and supported

catalyst are shown in Figure 24a and 24b respectively. Comparison

of the two reveals a broad band in the supported catalyst at approx-

imately 920 cm -1
not apparent in the silica. The region at 920

cm-1 has been assigned to Mo=0 stretches by analogy17. This

assignment is further supported by the IR of the reduced catalyst.
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Figure 24. Infrared spectra for (a) pure silica, (b) oxidized silica
supported molybdenum, and (c) reduced silica supported

molybdenum.
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Figure 24c is the IR of a supported Mo/Si02 catalyst after reduc-

tion with hydrogen at 600°C for 6 h. The spectrum shows a complete

absence of the broad band at 920 cm-1, indicating that reduction

of the Mo to a divalent state has taken place.

Methanol oxidation -- 240 mg of Mo/Si02 catalyst was placed

in a Pyrex flow tube under inert atmosphere. The catalyst was ox-

idized with 25 ml/min dioxygen at 300°C for 2 h. During the oxida-

tion, the color of the solid changes from pale blue to white.

After cooling to 100°C under 02, the gas flow was diverted

through a bubbler containing methanol at 0°C. The methanol sat-

urated dioxygen was passed over the catalyst and the temperature

increased at 25° intervals in the range 100 to 300°C. The gas was

sampled and analyzed at each temperature.

Ethanol oxidation -- 250 mg of Mo/Si02 catalyst was placed in

a Pyrex flow tube under inert atmosphere. The catalyst was oxi-

dized with 25 ml/min dioxygen at 300°C for 2 h. During the oxida-

tion, the color of the solid changes from pale blue to white.

After cooling to 20°C under dioxygen flow, the gas flow was

diverted through a bubbler containing ethanol at 20°C. The ethanol

saturated dioxygen was passed over the catalyst and the temperature

increased from 25°C to 200°C at 25°C intervals. The gas flow was

sampled and analyzed at each temperature.

Propylene metathesis -- 353 mg of Mo/Si02 catalyst was loaded

into a quartz flow tube under inert atmosphere. The catalyst was

activated by heating to 450°C under 30 ml/min hydrogen flow for 3 h.

The hydrogen was purified by passing over a 5A molecular sieve
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maintained at -196°C. During the reduction, the catalyst changed

color from a pale blue to blue-black. The catalyst was cooled to

20°C under hydrogen flow.

The hydrogen stream was replaced with a nitrogen stream flowing

at 60 ml/min. The catalyst bed was cooled to 20°C and 3 ml/min

propylene was introduced to the nitrogen flow. The gases were

sampled and analyzed at this temperature at 20-minute intervals.

Fischer-Tropsch catalysis -- 353 mg of Mo/Si02 catalyst was

loaded into a quartz flow tube. The catalyst was activated using

the same conditions as used for the metathesis reaction above.

After the reduction, the catalyst was cooled to 300°C and the

hydrogen was replaced with synthesis gas (50.1% CO, 49.9% H2)

flowing at 30 ml/min. The exit gases were sampled and analyzed at

20-minute intervals at 300°C, 350°C, and 400°C.

Molybdenum on Silica. DMSO Preparation

Silica gel was activated by heating in vacuo to 200°C for 12

hours. 1 g of the activated silica was slurried in 10 ml of

freshly distilled toluene under argon. A clear solution of 63 mg

of Mo02(0Et)2 and 100 uL of DMSO in 40 ml of toluene was slowly

added to the slurry under argon. The solution was stirred for 12

hours during which time the solution decolorized and the silica

took on a yellow-green color.

The solid was then filtered and extracted with toluene for 6 h

before drying in vacuo for 12 h at 130° C. During the extraction,

the solid catalyst changed color from yellow-green to blue. The

catalyst was stored under inert atmosphere until just prior to use.
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Methanol oxidation -- 216 mg of the Mo/Si02 catalyst from the

DMSO preparation was placed in a Pyrex flow tube under inert atmo-

sphere. The conditions used for activation and catalytic oxidation

were the same as those given for the Mo/Si02 system above.

Ethanol oxidation -- 236 mg of Mo/Si02 catalyst from the DMSO

preparation was placed in a Pyrex flow tube under inert atmosphere.

The conditions used for activation and catalytic oxidation were the

same as those given for the Mo/Si02 system above.

Molybdenum on Silica. Impregnation Preparation

A solution containing 92 mg of ammonium paramolybdate,

(NH4)7Mo7024.4H20, in 50 ml of H2O was added to 2g of silica gel

slurried in 25 ml of H20; the pH of the resultant solution was

4.93. The solution was stirred for 3 h at 20°C before evaporating

the water from the solid. The solid was dried in air at 115°C for

10 h and then calcined at 500°C for an additional 10 h.

Methanol oxidation -- 247 mg of Mo/Si02 impregnation catalyst

was placed in a Pyrex flow tube under inert atmosphere. The con-

ditions used for activation and catalytic oxidation were the same

as those given for the Mo/Si02 system above.

Propylene metathesis -- 500 mg of the Mo/Si02 impregnation

catalyst was loaded into a quartz flow tube. The catalyst was

activated in the same manner as described above. During the

reduction, the catalyst changed color from white to light grey.

The hydrogen stream was replaced with a nitrogen stream flowing

at 60 ml/min. The catalyst bed was cooled to 20°C and 3 ml/min

propylene was introduced to the nitrogen flow. The gases were
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sampled and analyzed at this temperature at 20-minute intervals.

Molybdenum on Silica. Mixed Solids Preparation

60 mg of Mo02(0E02 was mixed with 1 g of silica gel in a

mortar and pestle.

Methanol oxidation -- 249 mg of the mixed Mo/Si02 catalyst

was placed in a Pyrex flow tube under inert atmosphere. The

conditions used for activation and catalytic oxidation were the

same as those given for the Mo/Si02 system above.

Molybdenum on Alumina

Alumina was activated by calcining with air at 500°C for 4

hours. 1 g of the activated alumina was slurried in 10 ml of

freshly distilled toluene under argon. A yellow solution of 60 mg

of Mo02(0E02 in 40 ml of toluene was slowly added to the slurry

under argon. The solution was stirred for 2 - 6 hours during which

time the solution decolorized (the alumina remained white). The

toluene was filtered from the solid.

The solid catalyst was then extracted with toluene for 6 h

before drying in vacuo for 12 h at 130°C. After extraction and

drying, the catalyst had a very pale blue color. A molybdenum an-

alysis taken of the catalyst showed 1.7 %w/w was supported on the

alumina. The catalyst was stored under inert atmosphere until just

prior to use. Unfortunately, alumina absorbs strongly in the 1200

to 400 cm-1 region masking all molybdenum-oxygen stretching bands

preventing infrared characterization of the catalyst.

Methanol oxidation -- 246 mg of Mo/A1203 catalyst was placed in

a Pyrex flow tube under inert atmosphere. The conditions used for
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activation and catalytic oxidation were the same as those given for

the Mo/Si02 system above.

Propylene metathesis -- 498 mg of Mo/A1203 catalyst was loaded

into a quartz flow tube under inert atmosphere. The catalyst was

activated by heating the catalyst to 600°C under 30 ml/min hydrogen

flow for 6 h. The hydrogen was purified by passing over a 5A mole-

cular sieve maintained at -196°C. During the reduction the cata-

lyst changed color from a pale blue to black. The catalyst was

cooled to 20°C under hydrogen flow. The hydrogen flow was replaced

with dioxygen flowing at 20 ml/min and the catalyst was oxidized

for 2 h under these conditions.

The oxygen stream was replaced with a nitrogen stream flowing

at 60 ml/min. The catalyst bed was cooled to 0°C and 3 ml/min

propylene was introduced to the nitrogen flow. The gases were

sampled and analyzed at this temperature at 20 minute intervals.

The catalyst was then warmed to 20° C and the gases sampled and

analyzed at 20-minute intervals.

Fischer-Tropsch catalysis -- 442 mg of Mo/A1203 catalyst was

loaded into a quartz flow tube. The catalyst was activated by heat-

ing to 600°C under 30 ml/min hydrogen flow for 6 h.

After the reduction, the catalyst was cooled to 300°C and the

hydrogen was replaced by synthesis gas (50.1% CO, 49.9% H2) flow-

ing at 30 ml/min. The gases were sampled and analyzed at 20-minute

intervals at 300°C, 350°C, and 400°C.

Molybdenum on Alumina, Impregnation Preparation

A solution containing 92 mg of ammonium paramolybdate,
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(NH4)7Mo70244H20, in 50 ml of H2O was added to 2g of alumina

slurried in 25 ml of H20; the pH of the resultant solution was

5.02. The solution was stirred for 3 h at 20°C before evaporating

the water from the solid. The solid was dried in air at 115°C for

10 h and then calcined at 500°C for an additional 10 h.

Propylene metathesis -- 500 mg of Mo/A1203 catalyst was loaded

into a quartz flow tube under inert atmosphere. The catalyst was

activated by heating the catalyst to 600°C under 30 ml/min hydrogen

flow for 6 h. The hydrogen was purified by passing over a 5A mole-

cular sieve maintained at -196°C. During the reduction, the cata-

lyst changes color from a pale blue to light grey. The catalyst

was cooled to 20°C under hydrogen flow. The hydrogen was replaced

with dioxygen flowing at 25 ml/min and the catalyst was oxidized at

20°C for 2 hours.

The oxygen stream was replaced with a nitrogen stream flowing

at 60 ml/min and 3 ml/min propylene was introduced to the nitrogen

flow. The gases were sampled and analyzed at this temperature at 20-

minute intervals. The catalyst was then warmed to 40°C and the

gases sampled and analyzed at 20-minute intervals.

Molybdenum on Titania

Titanium dioxide was activated by heating the solid in vacuo at

200°C for 12 hours. 1 g of the activated titania was slurried in

10 ml of freshly distilled toluene under argon. A yellow solution

of 60 mg of Mo02(0Et)2 in 40 ml of toluene was slowly added to

the slurry under argon. The solution was stirred for 2 - 6 hours,

during which time the solution decolorized and the titania took on
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a very pale blue color.

The solid catalyst was filtered and then extracted with toluene

for 6 h before drying in vacuo for 12 h at 130°C. During extrac-

tion the catalyst became a darker blue, but after drying the cat-

alyst returned to a pale blue color. Molybdenum analysis of the

catalyst showed 2.1 w% was supported on the titania. The catalyst

was stored under inert atmosphere until just prior to use.

Infrared spectra for pure titania and the supported catalyst

are shown in Figure 25a and 25b respectively. As with the silica

supported catalyst, a broad diffuse shoulder is apparent in the sup-

ported catalyst at approximately 950 cm-1 that is not observed in

the pure titania spectrum analysis of the supported catalyst. This

band is assigned to molybdenum oxygen stretching vibrations on the

surface of the catalyst. Liu et. al. made a similar assignment in

a laser Raman study of Mo supported on titania. 115
Figure 25c is

a spectrum of the titania supported catalyst after reduction at

600°C with hydrogen for 4 hours. The spectrum shows a loss of the

band at 950 cm-1 seen for the oxidized catalyst. This observa-

tion is consistent with reduction of the surface molybdenums from a

+6 oxidation state to a +2 oxidation state and loss of M-0 groups.

Methanol oxidation -- 244 mg of Mo/Ti02 catalyst was placed

in a Pyrex flow tube under inert atmosphere. The conditions used

for activation and oxidation were the same as those given for the

Mo/Si02 system above.

Ethanol oxidation -- 254 mg of Mo/Ti02 catalyst was placed in

a Pyrex flow tube under inert atmosphere. The conditions used for
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Figure 25. Infrared spectra for (a) pure
supported molybdenum, and (c)

molybdenum.
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activation and oxidation were the same as those given for the

Mo/Si02 system above.

Propylene metathesis -- 562 mg of Mo/Ti02 catalyst was loaded

into a quartz flow tube under inert atmosphere. The catalyst was

activated by heating to 600°C under 30 ml/min hydrogen flow for 6 h.

The hydrogen was purified by passing over a 5A molecular sieve

maintained at -196°C. During the reduction, the catalyst changed

color from a pale blue to gray. The catalyst was cooled to 20°C

under hydrogen flow. The hydrogen was replaced with dioxygen

flowing at 25 ml/min and the catalyst was oxidized at 20°C for 2

hours.

The oxygen stream was replaced with a nitrogen stream flowing

at 60 ml/min. The catalyst bed was cooled to 0°C and 3 ml/min

propylene introduced to the nitrogen flow. The gases were sampled

and analyzed at this temperature at 20-minute intervals. The cat-

alyst was then warmed to 20°C and the gases sampled and analyzed at

20-minute intervals.

Molybdenum on Zirconia

Zirconium dioxide was activated by heating the solid in vacuo

at 200°C for 12 hours. 1 g of the activated zirconia was slurried

in 10 ml of freshly distilled toluene under argon. A yellow sol-

ution of 60 mg of Mo02(0E02 in 40 ml of toluene was slowly

added to the slurry under argon. The solution was stirred for 2

6 hours during which time the solution decolorized (the zirconia

remains white).

The solid catalyst was filtered and then extracted with toluene
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for 6 h before drying in vacuo for 12 h at 130°C. After extraction

and drying the catalyst had a pale blue color. Analysis of the

catalyst showed 1.5 %w/w of molybdenum was supported on the zir-

conia. The catalyst was stored under inert atmosphere until just

prior to use.

Infrared spectra of the pure zirconia support and the zirconia

supported catalyst are shown in Figures 26a and 26b respectively.

A comparison of the two spectra clearly shows the familiar band at

approximately 950 cm-1 in the oxidized catalyst which is missing

in the pure support. As with the silica and titania supported

catalysts, this band is assigned to a Mo.-0 stretch in the surface

bound molybdenum.

Methanol oxidation -- 250 mg of Mo/Zr02 catalyst was placed

in a Pyrex flow tube under inert atmosphere. The conditions used

for activation and oxidation were the same as those given for the

Mo/Si02 system above.

Ethanol oxidation -- 252 mg of Mo/Zr02 catalyst was placed in

a Pyrex flow tube under inert atmosphere. The conditions used for

activation and oxidation were the same as those given for the

Mo/Si02 system above.

Acetone oxidation -- 200 mg of Mo/Zr02 catalyst was placed in

a Pyrex flow tube. Conditions for activation of the catalyst were

the same as those for methanol and ethanol oxidation. After activ-

ation, the catalyst was cooled to 275°C and the dioxygen flow di-

verted through the bubbler containing acetone at 0°C. The gases

coming from the catalyst at 275, 300, and 325°C were analyzed by
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Figure 26. Infrared spectra for (a) pure zirconia, (b) oxidized
zirconia supported catalyst.
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GC.

Tetrahydrofuran oxidation -- 200 mg of Mo/Zr02 catalyst was

placed in a Pyrex flow tube. Conditions for activation of the

catalyst were the same as those for methanol and ethanol oxidation.

After activation, the catalyst was cooled to 250°C and the dioxygen

flow diverted through the bubbler containing tetrahydrofuran at

0°C. The gases coming from the catalyst at 250, 275, 300, and

325°C were analyzed by GC.

Molybdenum on HY-Zeolite

NH4Y-zeolite was prepared for reaction by heating in vacuo at

350°C for 20 hours. 400 mg of the activated zeolite was slurried

in 20 ml of freshly distilled toluene under argon. A yellow solu

tion of 31 mg of Mo02(0Et)2 in 20 ml of toluene was slowly added to

the slurry under argon. The solution was stirred for 19 hours, dur-

ing which time the solution changes color from yellow to greenish

blue.

The solid catalyst was filtered and dried in vacuo for 12 h at

130°C. After drying the catalyst had a pale blue color. Analysis

of the catalyst showed 1.9 %w/w of molybdenum was supported on the

zeolite. The catalyst was stored under inert atmosphere until just

prior to use. As with the alumina supported catalyst, there are

interfering absorbances in the Mo..0 stretch region, and the infra-

red analysis gave no conclusive evidence for surface supported Mo

groups.

Propylene metathesis -- 562 mg of Mo/zeolite catalyst was load-

ed into a quartz flow tube under inert atmosphere. The catalyst
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was activated by heating to 600°C under 30 ml/min hydrogen flow for

6 h. The hydrogen was purified by passing over a 5A molecular

sieve maintained at -196°C. During the reduction, the catalyst

changed color from a pale blue to gray. The catalyst was cooled to

20°C under hydrogen flow. The hydrogen was replaced with dioxygen

flowing at 25 ml/min and the catalyst was oxidized at 20°C for 2

hours.

The oxygen stream was replaced with a nitrogen stream flowing

at 60 ml/min. The catalyst bed was cooled to 0°C and 3 ml/min

propylene introduced to the nitrogen flow. The gases were sampled

and analyzed at this temperature at 20-minute intervals. The

catalyst was then warmed in 25°C intervals to 100°C and the gases

sampled and analyzed at each temperature.
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RESULTS AND DISCUSSION

Iwasawa and Yermakov demonstrated the feasibility of attaching

molybdenum to metal oxide supports using reactions of the general

type shown in Equation 16. Iwasawa used only molybdenum 71--ally1

HO OH
(16) + MoR,

Rx2

'Mo
0

+ 2RH

compounds as the reactive precursor, 101-109 while Yermakov, et. al.

explored both it-ally1 and alkoxide compounds. 125,136 The reactions

involve the direct formation of covalent bonds between the support

and the active catalyst. This approach to synthesizing catalysts

allows attachment of coordinatively unsaturated molybdenum to the

support.

Using these studies as blueprints, experiments were designed

and carried out in our laboratory for the use of Mo(0)2(0E02 in

fixing molybdenum to various oxide supports. The following pages

discuss the results of the investigations of these supported cat-

alysts in oxidation, metathesis, and Fischer-Tropsch reactions.

Catalyst Preparation

The catalysts are prepared by mixing a toluene solution of

Mo(0)2(0E02 with a toluene slurry of the support as described

in Equation 17. The functional groups used to attach the molybdenum
0

//
0

Mo

0 0
+ 2EtOH

HO OH
(17) + Mo(0)2(OEt)2
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to the support are the surface hydroxyls of the various oxides.

The nature of these hydroxyl groups has been explored extensively

for many inorganic oxides, including the oxides used as supports in

this study. 137,138
In general, the concentration of the surface

hydroxyls for the oxides can be controlled by heating the oxide

under vacuum or under the flow of a dry gas. Heating at higher tem-

peratures for longer periods of time reduces the concentration of

the hydroxyls on the surface. The dehydroxylation of the surface

begins at 200 - 250°C for most oxides.

The reaction scheme for the preparation of the catalyst began

with a pretreatment of the support. For Si02, Ti02, and Zr02, this

involved heating at 200°C in vacuo for approximately 12 hours. Pre-

treatment under these conditions primarily removes adsorbed water

from the support. The final concentration of hydroxyl groups on

the surface should be approximately 5 OH/nm 2.69 For A1203, the

initial concentration of hydroxyl groups is higher compared to the

other supports used, ca. 12 OH/nm 2 vs. ca. 5-7 OH/nm2
.

69 To re-

move the adsorbed water and reduce the hydroxyl concentration to ap-

proximately 5 OH/nm2 , the alumina was calcined at 500°C for 4 hours

under a continuous stream of dry, compressed air. Infrared analy-

sis of the supports after pretreatment showed no broad bands in the

regions at 3400 cm-1 and 1700 cm-1 attributable to adsorbed water.

The activated support was then slurried in toluene under dry

nitrogen. A yellow toluene solution of Mo(0)2(0Et)2 was slowly

pipeted into the slurried support. After stirring the solution for

several hours, the solid was removed from the solution by filtra-



104

tion. Gas chromatography/mass spectroscopic analysis of the fil-

trate showed that traces of ethanol were present in the toluene.

The presence of ethanol in the filtrate indicated that the reaction

described in Equation 17 had taken place. The decolorization of

the solution and concomitant coloring of the support in the slurry

also indicated that the reaction had taken place.

The solid catalyst was then extracted for several hours with

toluene to remove unreacted Mo(0)2(0E02. The catalyst was dried

at 150°C in vacuo overnight and stored under dry nitrogen until

used.

Catalyst Characterization

The analytical results for the determination of the molybdenum

concentrations on the various supports are tabulated in Table 4.

The concentrations vary from a low of 1.5 w% for Zr02 to a high of

2.1 w% for Ti02. The results indicated that molybdenum had been

Table 4
Analytical Results for Supported Mo Catalysts

Catalyst weight %
Si02/Mo 2.0
A1203/Mo 1.7
Ti02 /Mo 2.1
Zr0

2/Mo 1.5
Zeolite/Mo 1.9

attached to the support.

A wide variety of instrumental methods may be used in attempts

to characterize supported catalysts. Included are Fourier trans-

form infrared spectroscopy (FTIR), laser Raman spectroscopy, elec-

tron energy loss spectroscopy (EELS), inelastic tunneling spectro-

scopy (LETS), ultraviolet-visible spectroscopy (UV-vis), electron
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spin resonance spectroscopy (ESR), X-ray photoelectron spectroscopy

(XPS), extended X-ray analysis fine structure (EXAFS), secondary

ion mass spectroscopy (SIMS), and scanning electron microscopy

(SEM). By far the most common method employed is infrared spec-

troscopy. The characterization of the supported catalysts using

instrumental methods is complicated by the low concentration of the

catalyst relative to the support. Characterization problems are

compounded in infrared studies of oxide supported systems due to

the fact that the supports show strong bulk absorption below 1000

-
CM

1
.

Infrared analyses of all systems were done in this study, but

only those of the silica, titania, and zirconia supported catalysts

were instructive. The infrared spectra for the silica supported

catalyst are shown in Figure 24. Figure 24a is a spectrum of the

pure support after heating at 250°C in vacuo for 12 hours, followed

by heating at 250°C for 2 hours under flowing oxygen. Figure 24b

is a spectrum of the catalyst with 2.0 w% Mo supported on the

silica. The catalyst was oxidized under flowing oxygen at 250°C

for 2 hours. A comparison of the spectra shows a definite shoulder

at 920 cm-1 in the spectrum of the supported catalyst. The band

has been assigned to a Mo=0 stretch in the surface supported cat-

alyst. Iwasawa observed a similar band in an infrared study of

a silica supported molybdenum catalyst prepared using Mo(w-C3H5)4. 17

Figure 24c shows the spectrum of the catalyst after reduction with

molecular hydrogen at 600°C for 4 hours. The shoulder at 920 cm-1

observed in the oxidized catalyst has disappeared. This change in
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the spectra can be explained by a reduction of surface molybdenum

species from a +6 oxidation state to a +2 oxidation state and loss

of the Mo O groups on the surface. These observations are consis-

tent with the general reaction scheme given in Figure 27. The

scheme is based on work done by Iwasawa on silica and alumina sup-

ported molybdenum catalysts (see Figure 18). Additional support

for this scheme can be found in the changes of the physical appear-

ance of the catalyst. Upon reduction, the catalyst changed from

white for the oxidized form of the catalyst to blue during the re-

duction to a dark blue-black for the completely reduced Mo(II) cat-

alyst. This behavior is consistent with a change from a d° Mo(VI)

to d4 Mo(II) during the reduction. Iwasawa saw similar changes

during reduction of the catalyst prepared from Mo(r-C3H5)4.17

The infrared spectra for pure titania and the titania supported

molybdenum catalyst are shown in Figure 25. Figure 25a is a spec-

trum of the pure TiO2 support after heating at 200°C in vacuo for

12 hours, followed by heating at 250°C for 2 hours under flowing ox-

ygen. Figure 25b is a spectrum of the titania supported molybdenum

catalyst after heating for 2 hours at 250°C under flowing oxygen.

A comparison of the two spectra reveals a broad diffuse band at ap-

proximately 950 cm-1 in the spectrum of the supported catalyst

not apparent in the pure support. As with the silica supported cat-

alyst, this band is assigned to a Mo=0 stretch. Both Liu115 and

0no116 have observed similar bands in laser Raman and IR studies

of titania supported molybdenum catalysts prepared using tradi-

tional impregnation methods. Figure 25c shows the spectrum of
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the catalyst after heating at 600°C for 4 hours under flowing hydro-

gen. The spectrum shows a definite loss of the shoulder at 920

cm-1 after the reduction. This is once again attributed to reduc-

tion of the surface molybdenum groups from a +6 oxidation state to

a +2 oxidation state and loss of the double bonded oxygens. These

observations are consistent with the general reaction scheme shown

in Figure 27. Similar to the silica supported catalyst, the color

of the titania supported catalyst changed during the reduction from

white for the oxidized catalyst to a blue-gray for the reduced cata-

lyst. These observations are attributed primarily to the molybden-

um center changing from a d° Mo(VI) to a d4 Mo(II); however, the

titania could also contribute to the color change if there is reduc-

tion of the bulk support.

The infrared spectra for the pure zirconia support and the oxi-

dized zirconia supported catalyst are shown in Figure 26a and 26b

respectively. The spectrum of the catalyst clearly shows the fami-

liar peak at 950 cm-1. As with the silica and titania supported

catalysts, this peak is attributed to the Mo=0 stretches of the sur-

face attached molybdenum. These observations are consistent with

the reaction given in Equation 17.

Unfortunately, infrared analysis of the alumina and zeolite

supported catalysts did not give any conclusive evidence for the

presence of molybdenum attached to the surfaces. For the alumina

system, a broad, intense band attributed to absorbances in the bulk

support runs from 1200 to 500 cm-1. The band completely masks

the region around 950 cm-1 in which the Mo=0 stretching bands are
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observed. However, the color of the catalyst changed upon reduc-

tion with hydrogen at 600°C from white for the fully oxidized cat-

alyst to blue during reduction to gray-black for the fully reduced

catalyst, similar to the silica and titania supported catalysts.

As with the silica system, Iwasawa observed very similar changes in

the appearance of the alumina supported catalyst prepared using the

Mo allyl. These observations are consistent with the general reac-

tion scheme given in Figure 27. For the zeolite supported cata-

lyst, the differences in the spectra of the pure support and the

catalyst are insignificant. As with the alumina support, a bulk

absorbance band masks the Mo=0 stretching region. However, the

analytical results argue that molybdenum has been supported on the

catalyst.

One other important characteristic of the catalyst is the

surface area. Of concern was the possibility of sintering taking

place at the high temperatures used in the treatment of the cat-

alyst, particularly during the reduction. Therefore, the surface

areas of the silica, alumina, and titania supported catalysts were

measured after treatment of the catalyst at 600°C under flowing

hydrogen. The results, tabulated in Table 5, indicated that no

TABLE 5
Surface Area Measurements for Catalysts

Catalyst SuRpgrt Reduced Catalyst
Mo/Si02 350 m4/g 290 m1 /g
Mo/A1203 155 m2/g* 150 m2/g
Mo/Ti02 8.8 m2/g 8.3 m2/g
*-nominal value from vendor

significant sintering of the catalyst was taking place.
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Methanol Oxidation

The first reaction studied for the supported catalysts was the

partial oxidation of methanol to formaldehyde. There is interest

in the support of an active molybdate phase on a refractory metal

oxide, primarily to increase the mechanical stability of the cat-

alyst and to allow use of the catalyst in a fluidized bed reactor.

The most commonly used industrial catalyst for this reaction,

Fe2(Mo04)3, is unsuitable for use in reactions employing fluidized

bed reactors, because of its low mechanical strength.

In a typical reaction, 250 mg of the supported catalyst was

loaded into the apparatus (Figure 23) and oxidized at 250°C for 2

hours under flowing oxygen. This procedure ensured that all of the

molybdenum was fully oxidized to the dioxo form and that all ethan-

ol was removed from the system. Following the oxidation, the oxy-

gen flow was diverted through a modified Pyrex gas scrubber contain-

ing methanol at 0°C. The methanol saturated oxygen was then passed

over the heated catalyst. The exit gases were sampled and analyzed

using both a flame ionization detector gas chromatograph (FIDGC)

and a thermocouple detector gas chromatograph (TCGC). In all

cases, the reaction conditions (i.e. 02 flow rate, temperatures,

catalyst activation, gas mixtures, etc.) used were approximately

the same. Reactions were also run for the blank supports under the

same conditions to determine the reactivity of the support towards

methanol.

The results of the catalytic oxidation of methanol over molyb-

denum(VI)dioxo species supported on silica, alumina, titania, and
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zirconia are shown in Figures 28, 29, and 30 respectively. The

graphs show the ratio of the oxidation products as a function of

temperature for the various catalytic systems. Ideally, a catalyst

should show high activity and selectivity at low temperatures. In

the case of methanol oxidation, an ideal catalyst would show the

product ratio of formaldehyde approaching 1.0 at a low temperature.

The reaction scheme for the catalytic oxidation of methanol is

shown in Figure 31. 139
There are several side reactions that can

take place, giving undesirable products. First, the methanol may

be dehydrated to give dimethylether as shown in Reaction B of Fig-

ure 31. Formaldehyde produced in the initial oxidation, Reaction

A, may undergo several reactions as shown. Reaction C shows the

formation of dimethoxymethane from the condensation of two moles of

methanol with one mole of formaldehyde. Reaction D shows oxidation

to CO and Reaction E shows the formation of methylformate from the

addition of 1/2 mole of oxygen and another mole of methanol. The

relative activity of a catalytic system towards these reactions

determines the selectivity of the catalyst for the partial oxida-

tion of methanol.

The catalysts show remarkable differences in both activity and

selectivity depending on the support. Figure 28 shows that the

activity and selectivity for the silica supported catalyst were far

from ideal. Of the four systems examined, the silica supported cat-

alyst showed the lowest activity. Only 30% of the gas phase

methanol in the feed gas was oxidized at 300°C. In addition, the

selectivity for formaldehyde was low. The selectivity was
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most favorable at 300°C with approximately 60% of the product yield

formaldehyde; the balance was methyl formate. The selectivity

drops off rapidly; less than 40% of the product was formaldehyde at

275°C.

Figure 29 shows the result from the oxidation of methanol over

the titania supported catalyst. The activity of the catalyst was

significantly greater than the silica supported catalyst; at 300°C,

the catalyst converted greater than 90% of the feed gas. In ad-

dition, the titania catalyst showed considerably higher selectivity

than the silica supported catalyst. Nearly 100% of the product was

formaldehyde, the product of choice, at 300°C. The activity and

selectivity of the catalyst increased with increasing temperature.

The titania supported catalyst was the best catalyst of this group

for the oxidation of methanol to formaldehyde.

The results of the methanol oxidation over the zirconia sup-

ported catalyst are shown in Figure 30. The zirconia supported

catalyst was much more active towards the total oxidation of the

methanol feedstock than either the titania or silica supported

catalysts. Almost 100% of the product observed at 300°C was carbon

dioxide. The catalyst was also considerably more active for the

formation of methyl formate at the intermediate temperatures (150 -

250°C) than any of the other catalytic systems used. The produc-

tion of methyl formate peaked at 200°C; approximately 66% of the

observed product at that temperature was methyl formate at a 60%

methanol conversion level.

The silica, titania, and zirconia supported catalysts offer
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some interesting contrasts and similarities with respect to reac-

tivity towards methanol oxidation. All of the molybdenum free sup-

ports were relatively inert towards the oxidation of methanol at

lower temperatures; however, titania and zirconia showed some activ-

ity at the higher temperatures. The silica support was completely

inert, showing no conversion up to 300°C. The titania support

showed no activity at low temperatures (200°C), and slight activ-

ity at intermediate and higher temperatures. Trace amounts of

dimethoxymethane were observed between 200 and 250°C and the sup-

port showed increasing dehydration activity between 200 and 300°C

with approximately 10% of the methanol converted to dimethylether

at 300°C. The zirconia support showed no activity up to 200°C, but

was increasingly reactive between 200 and 300°C with small amounts

of formaldehyde, dimethoxymethane, and carbon dioxide observed at

250 and 300°C.

The reactivity of all of the supported catalysts was very sim-

ilar at low temperatures. The lack of reactivity observed for the

molybdenum free supports at low temperatures argues that the molyb-

denum attached to the catalyst was the active site for the initial

reaction. The initial product observed was always dimethoxymeth-

ane. The quantities were generally low, with less than 1% of the

methanol feed being converted at 125°C. As the temperature was

raised, increasing amounts of methyl formate were observed in the

products and the quantity of dimethoxymethane rapidly decreased to

0. These observations are consistent with those of other research-

ers. Liu, et. al., observed almost identical behavior in a titania
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supported catalyst prepared using impregnation methods. 115 Sim-

liar behavior has also been observed for unsupported molybdenum tri-

oxide139 and molybdenum trioxide supported on silica. 140 The

selectivity toward dimethoxymethane and methylformate at low temper-

atures was attributed to the the rapid rate of condensation and ox-

idation of adsorbed formyl relative to desorption of formaldehyde.

Between 175 and 300°C, the reactivity of the three systems di-

verged rapidly. The titania system was increasingly reactive for

the formation of formaldehyde. The zirconia system was increas-

ingly reactive toward the total oxidation to carbon dioxide. The

silica system was only moderately reactive toward the formation of

methyl formate and formaldehyde.

An examination of the data for the surface areas and the re-

lative loadings of the systems indicated that reaction of formal-

dehyde on the support may have been a factor for the zirconia sup-

ported catalyst. Calculations for the titania and zirconia cata-

lyst systems gave surface concentrations of approximately 1.4 x 1015

Mo atoms/cm2 and 4.0 x 10 14 Mo atoms/cm2 respectively. Previous

studies indicate that approximately 4 x 1014 (±10%) Mo atoms/cm 2

are needed to give a monolayer coverage on the surface. 115,141 These

figures indicate that there was an excess of Mo on the titania sur-

face while the surface coverage of Mo on the zirconia was approxi-

mately a monolayer. However, uncertainties in the above values

leave open the possibility that some of the zirconia support was

exposed. Sleight, et. al., have shown that both zirconia and

titania are active for the complete oxidation of formaldehyde to
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carbon oxides at 200°C. 112
Thus, exposed zirconia support could

be acting as an active site for oxidation of formaldehyde to carbon

dioxide. Further experimental work investigating the reactivity of

the catalysts as a function of the molybdenum concentration on the

supports is needed to determine the contribution of this effect to

the observed reactivity and selectivity.

Calculations for the silica supported catalyst showed the sur-

face concentration of Mo was approximately 4.2 x 1013 Mo atoms/

cm2 of support. This is approximately a factor of 10 less than the

estimated number of Mo atoms needed for a monolayer surface cover-

age. Even though there were a large number of surface silica sites

exposed, there was no large scale deviation in selectivity as was

observed for the zirconia system. Research by Sleight has indicat-

ed that silica is inert to reactions with formaldehyde up to 300°

C.112 The loss of selectivity relative to molybdenum trioxide

for the silica supported systems was attributed to "support-oxide

interaction." 112 Various support-oxide interactions have been

described in the literature. Trifiro 110 '

111 and Sleight112

have attributed observed differences in the reactivity of molyb-

denum species supported on silica and alumina to different active

phases in the catalysts. 0no116 has attributed observed reac-

tivity differences of low molybdenum content titania supported cat-

alysts to the formation of an active amorphous phase and changes in

the redox behavior of the active molybdate due to a weakening of

the Mo=0 bond. It is likely that both structural and electronic

effects play a role in the activity and selectivity in all the
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catalytic systems.

Further experiments done in this laboratory on methanol

oxidation showed activity and selectivity of the reaction to be

relatively insensitive to the preparation method for the silica

supported system. Silica supported catalysts were prepared using

standard impregnation methods and by mixing Mo(0)2(0Et)2 with sil-

ica in a mortar and pestle. A catalyst was also prepared using

DMSO as a coordinating agent in the toluene/Mo(0)2(0Et)2 solution

to ensure that the Mo species in solution reacting with the silica

surface hydroxyls was a monomer (see page 40). Finally, a silica

catalyst was prepared using Fe(C0)5 along with Mo(0)2(0Et)2 in an

attempt to introduce iron as a promoter. In all cases, except the

mixed catalyst, the activity and selectivity of the catalysts were

approximately the same. Figure 32a and 33b show the results of

oxidation reactions for the impregnation catalyst and the catalyst

prepared from Mo(0)2(0Et)2 respectively. The data indicate that

the fixed catalyst was slightly more selective for the formation of

formaldehyde at higher temperatures. Only the mixed solids cata-

lyst showed significantly lower activity and selectivity; the lower

activity of the mixed solids catalyst was particularly obvious at

the lower reaction temperatures.

Finally, the activity of the alumina supported catalyst for the

oxidation of methanol is shown in Figure 33. The activity of the

alumina supported catalyst was considerably higher than the silica

system, but lower than the titania and zirconia systems. Nearly

70% of the methanol was converted at 300°C; however, the selecti-
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70% of the methanol was converted at 300°C; however, the selecti-

vity for formaldehyde was very low. The primary product observed

for the alumina supported catalyst was the dehydration product of

methanol, dimethylether, making up nearly 100% of the product.

This selectivity was due to the activity of the alumina support in

the dehydration. A reaction run under identical conditions using

only the molybdenum free alumina support as the catalyst showed

precisely the same activity for dehydration of methanol.

Ethanol Oxidation

The activities of the silica, titania, and zirconia catalysts

were also explored for the catalytic oxidation of ethanol. Al-

though the reaction has no industrial significance, the reaction

was used as another probe to determine reactivity differences be-

tween the supported catalysts prepared using Mo(0)2(OEt)2.

Only two studies of ethanol oxidation over supported catalysts

could be found in the literature. Iwasawa17 reported on the cat-

alytic reactivity for oxidation of ethanol over silica supported

catalysts prepared by conventional impregnation methods compared to

the reactivity of those prepared using Mo(r-C3H5)4. Ono116 re-

ported on the reactivity of titania supported molybdate catalysts

prepared using conventional impregnation methods. In both studies

the primary product observed was acetaldehyde.

Figure 34 shows the results for the oxidation of ethanol over

the supported molybdenum catalysts. The graphs give the molar

product ratios as a function of the temperature. Similar to the



1.0

0.9 -

0.s -

0.7 -

0.a -

0.5 -

0.4

0.3 -

0.2 -

0.1 -.

0.0

Me/Sflleo

D- cH2cH2

+ CH
3

CHO

A CH
3

CH
2

OCH
2

CH3

x CH
3

CO
2

CH
2

CH3

25 50
M
0 1.0

I 0.9 -

a 0.8-
r 0.7 -

0.6

R 0.5 -
a 0.4
t 0.3 -
I

0.2 -
0

0.1 -

0.0

9 4-----i
100 123 150 175 200

Me/Mond.

25 50 75 100 125 150 175 200

1.0

0.9 -

0.0 -

0.7 -

0.5 -

0.5 -

0.4 -,

0.3 -,

0.2 -

0.1

1.40/21retenlo

0.0 9
25 50 75 100 125

Temperature
150 175 200

124

Figure 34. Results from oxidation of ethanol over (a) silica supported
molybdenum catalyst (b) titania supported molybdenum catalyst
and (c) zirconia supported molybdenum catalyst prepared from
Mo(0)2(OEt)2.
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support was inert up to 200°C, while very small amounts of acetalde-

hyde were observed at 200°C for the zirconia and titania supports.

Thus, the reactivity observed for the three systems is primarily

due to an active molybdenum(VI)dioxo species attached to the sur-

face of the support.

The activity and selectivity of the three systems were very

similar. All three were nearly 100% selective for the formation of

acetaldehyde at all temperatures observed. Only trace amounts of

ethene, diethylether, and ethylacetate were observed as side

products during the reactions. The silica system (Figure 34a) was

somewhat less active than both the titania (Figure 34b) and the

zirconia (Figure 34c) systems. The silica supported catalyst

converted only 40% of the ethanol at 200°C while the other two

systems converted between 80 and 90% of the ethanol feed to

acetaldehyde. Similar mechanisms have been proposed for the

catalytic oxidation of ethanol and methano1.109 The catalyst

supports affect the structure and environment of the surface

molybdenum species and the ease of hydride abstraction from a

methylene group of an adsorbed ethoxide. Thus, the stronger

electron withdrawing nature of the zirconia and titania supports

made the supported molybdenum oxide a better catalyst for the

oxidation of ethanol to acetaldehyde. The low concentration of the

side products observed for the ethanol oxidation argues that

secondary reactions of acetaldehyde on the support do not play a

significant role between 25 and 200°C for these systems.
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Metathesis

Metathesis is a much more sensitive chemical probe of the sup-

ported catalysts than the alcohol oxidations. The activity and

selectivity of the catalysts towards alcohol oxidation show only

small changes depending on the method of catalyst preparation. The

activity of catalysts towards metathesis is very dependent on the

preparation method. Iwasawa showed that catalysts prepared using

Mo(r-C3H5)4 were as much as 40 times more active than cata-

lysts prepared by impregnation methods. 103,104,109 During these

investigations Iwasawa found that dimeric and monomeric molybden-

um(IV) allyl and oxo supported species were very active for propene

metathesis. The present work on supported silica and alumina molyb-

denum catalysts prepared using Mo(0)2(0Et)2 in propene metathe-

sis show a similar sensitivity to the preparation method.

In a typical reaction, 500 mg of the supported catalyst was

loaded into the apparatus (Figure 23) and reduced at 450°C (silica

supported catalyst) or 600°C (alumina supported catalyst) for 6

hours. The alumina catalyst was then oxidized at ambient tempera-

ture for 2 hours under flowing oxygen. This procedure ensured that

all of the molybdenum was in the form of a molybdenum(IV) oxo spe-

cies (see Figure 27), which is the active species for propene meta-

thesis. Following the oxidation, the oxygen flow was replaced by

nitrogen containing approximately 3 volume % propene. During the

reaction, the reactor bed was maintained at a temperature of 0°C.

The exit gases were sampled and analyzed using a flame ionization

detector gas chromatograph (FIDGC).
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The expected products for the metathesis of propene are butene

and ethene in equimolar amounts, Equation 18. The alumina sup-

(18) 2C3H6 C4H8 + C2H4

ported catalyst prepared from Mo(0)2(0E02 showed good activity

at 0°C; the turn-over-number (TON) calculated from the data is 4.7

x 10-3 moles butene moles Mo-1 min-1. This is a factor of approxi-

mately 50 times less active than Iwasawa's catalyst prepared from

Mo(r-C3H5)4 (TON .239). 104 However, a Mo/A1203 catalyst

prepared using conventional impregnation methods was approximately

350 times less active than the Mo/A1203 catalyst prepared from

Mo(0)
2 (0Et) 2 when run under identical conditions in our lab. A

Mo/Si02 catalyst prepared from Mo(0)2(0E02 was much less active

for propene metathesis than the alumina supported catalyst prepared by

similar means: T.O.N. 8.35 x 10 -5
. Once again, this is con-

siderably less active than the catalyst prepared using Iwasawa's

method (TON 0.075). 104 However, a silica supported catalyst

prepared using conventional impregnation methods showed no detec

table activity for propene metathesis under any conditions. The

activity of catalysts in this study, prepared from Mo(0)2(0E02,

was lower than systems reported in the literature 104,142. However,

Startsev and Yermakov found that silica and alumina Mo catalysts,

prepared from Mo2(0E010, showed no measurable activity for propene

metathesis. 143
In their study, Startsev et. al., explored the

activity of +6, +4, and +2 oxidation states of the molybdenum in
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their catalyst and found no propene metathesis activity.

Fischer-Tropsch Synthesis

Finally, the activity of the silica and alumina supported cata-

lysts was briefly investigated in the Fischer-Tropsch synthesis.

The activity and selectivity of the Mo based catalysts were low in

comparison to those of the Fe and Ni based systems. However, there

continues to be some interest in the Mo catalysts primarily due to

their resistance to sulfur poisoning.

In a typical reaction, the catalyst was heated to 600°C under

flowing hydrogen for 4 hours. The catalyst was cooled to 300°C and

the hydrogen flow replaced with synthesis gas (C0:H2 - 1:1) flow-

ing at 15 ml/min. The temperature was then raised in 50°C inter-

vals to 400°C and the exit gases were sampled and analyzed with an

FIDGC at each temperature.

In agreement with earlier studies, 108,132 the product gases ob-

served in the present study of catalysts prepared from Mo(0)2(0E02

were primarily low molecular weight hydrocarbons (LPG). The re-

sults of the experiments, given in Table 6, show that the

activities of the silica and alumina catalysts were very similar.

The alumina catalyst was slightly more active than the silica

catalyst. However, the silica catalyst was slightly more selective

towards higher molecular weight hydrocarbons. The carbon product

distributions were very similar to what Iwasawa observed for

catalysts prepared from Mo(r-C3H5); 108 however, the observed

activities in this study were slightly higher.
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Table 6

Activities and Selectivities of Mo Catalysts for CO Hydrogenation

Catalyst Temperature Rates
°C 10-3 mol/g Mo h Cl

Selectivities
C2 C3 C4

Mo/Si02 300 5.77 39.4 50.8 7.1 2.6
350 11.5 52.7 38.2 7.0 2.1
400 35.0 66.9 28.2 4.2 0.7

Mo/A1203 350 14.5 63.4 33.5 3.1 0.0
400 54.2 71.7 26.2 2.1 0.0
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CONCLUSION

Molybdenum(VI)dioxodiethoxide is a suitable vehicle for the

attachment of molybdenum dioxo groups to oxide supports such as

silica, alumina, etc. To this author's knowledge, the methods

outlined in Part Two of this thesis describe the only route for the

direct attachment of a molybdenum(VI)dioxo group to a catalyst in

one step. Molybdenum(VI)dioxo ethoxide is a particularly suitable

precursor for addition to a support since only an acidic hydrogen

on the support is required to facilitate addition. In addition,

the organic side product, ethanol, is relatively easy to remove

from the system.

The attachment takes place through covalent oxide bridge bonds

between the surface support metal and the molybdenum. The chemical

analysis clearly shows that molybdenum has been attached to the

support. Infrared evidence indicates that the initial species at-

tached to the support is a molybdenum dioxo species. Through the

treatment of the supported catalyst with hydrogen or oxygen at var-

ious temperatures, +2, +4, and +6 oxidation states of the attached

molybdenum can be accessed. The observed oxidation-reduction be-

havior, the much higher catalytic activity for propene metathesis

compared to an impregnation catalyst, and the method of preparation

all strongly suggest that the catalysts prepared from Mo(0)2(OEt)2

are fundamentally different from conventional impregnation cata-

lysts.

The catalysts prepared from Mo(0)2(OEt)2 are active catalysts
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for the partial oxidation of alcohols to aldehydes, propene metathe-

sis, and the hydrogenation of carbon monoxide. The strong depen-

dence of the product distribution, particularly in the methanol

oxidation, indicates that the support plays an active role in de-

termining the catalytic behavior of the molybdenum catalysts pre-

pared from Mo(0)2(0Et)2. The alumina supported catalyst is

greater than two orders of magnitude more active for the propene

metathesis reaction than a catalyst prepared by conventional

methods.
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1. INTRODUCTION

A combination of low density, good mechanical properties, and

high general corrosion resistance make titanium and its alloys the

design material of choice, particularly in the aerospace industry

[1]. Unfortunately, the high costs accrued in manufacturing parts

from the metal have minimized its usage in a potentially widespread

market. The economic factors, along with titanium's attractive

physical properties, have spurred extensive research and

development efforts in several "near net shape" technologies

including high integrity casting [2], super-plastic forming [3],

and powder metallurgy [4]. This paper is concerned with the last

of these technologies, and in particular with the formation of

prealloyed powders.

Parts made from prealloyed titanium powders offer mechanical

properties equal or superior to parts made from ingots [1,4] with

the advantage that they are formed into near net shapes. The high

cost of prealloyed powders manufactured using the plasma rotating

electrode process (PREP)[5], currently the only commercial process

available, has limited the application to small complex parts with

very high buy-to-fly ratios. Many alternative processes for the

formation of prealloyed powders have been proposed [6].

The direct formation of prealloyed powders from relatively

inexpensive chemical precursors offers many possible advantages.

Here we report on research attempts to prepare a prealloyed

titanium-six percent aluminum-four percent vanadium (Ti-6A1-4V)



powder using the Hurd Shaker process [7] a modification of the

Hunter process. This paper details experimental variations and

their effects on the products. Additional studies probing the

nature of the reactions taking place in the process are also

reported.

2. EXPERIMENTAL SECTION

2.1 MATERIALS.
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All experimental procedures were carried out under argon unless

otherwise noted. The titanium tetrachloride (Alpha) and vanadium

tetrachloride (Alpha) were distilled and stored under argon before

use. Metallic sodium (Mallinckrodt) was melted in a glove box

under argon and filtered prior to use. The aluminum powder (Merck)

was used without further purification.

The computer used in all experiments was a Digital Equipment

Corporation Micro PDP-11 with AXV11-C analog to digital converter,

DRV11-J parallel interface, and KWV11-C real time clock.

Thermocouples were Omega subminiature platinum/platinum 13%

rhodium or chromel probes with 1/16 inch (1.6 mm) inconel sheaths.

An Omega model 660 programmable digital readout device interfaced

through a parallel connector to the computer was used to record the

temperature as a function of time.

Pressure transducers were Data Instruments model AB-10000,
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maximum pressure 10000 psi (68.9 MPa), or AB-1000, maximum pressure

1000 psi (6.89 MPa).

The Hurd Shaker used to initiate all large scale reactions is

diagrammed in figure 1. The motor used was a Leland type KL 1/3

HP, 1725 rpm. The gear ratio was 5 to 1 giving a shaking rate of

approximately 345 cycles per minute. The cylindrical reactor was

made of 12.7 mm 304-stainless steel having an internal diameter of

77 mm and a depth of 160 mm. (volume 745 cc).

The signal from an RCA 931 type phototube was amplified using

an Analog Devices AD 540 operational amplifier and then sent to the

computer to record the intensity of light flashes as a function of

time.

2.2 ANALYTICAL

Analytical results on the bulk materials were obtained using

standard wet chemical methods. Particle compositions were obtained

on an Amray Model 1000 scanning electron microprobe. All

analytical results were obtained at the Bureau of Mines, Albany,

Oregon.

2.3 PREPARATION OF THE ALLOY

Molten sodium (38 g) was poured into a stainless steel die and

pressed into thin (5mm x lmm) strips of metal in a glove box. The

strips of sodium were distributed evenly through the interior of



144

.the reactor. The reactor was sealed with a stainless steel lid and

copper gasket before removing from the glove box. Vanadium

tetrachloride (2.0 mL) followed by a suspension of aluminum (1.5 g)

in titanium tetrachloride (40.0 mL) were added using a cannula to

avoid oxygen contamination. The reactor was left at ambient

pressure or pressurized to either 1.38 MPa or 13.8 MPa argon and

heated to approximately 393° K. The reaction was initiated by

shaking the reactor vigorously for 30 s.

The reactor was opened in the glove box and the products were

transferred to a stainless steel sublimation tube. Sodium

chloride, titanium and vanadium subchlorides, were removed by

vacuum sublimation at 1173° K. After air cooling the furnace

tube, a controlled oxidation using a succession of oxygen/argon

mixes was used to put a protective oxide coat on the product. The

mixes started with 10 ppm oxygen in argon and continued at regular

intervals up to 1000 ppm 02/argon.

The furnace tube was then cut open at a point behind the

sublimed salt plug. The purified alloy at the bottom of the tube

was weighed and characterized.

2.3.2 SURFACE AREA VARIATIONS.

By placing six stainless steel bars (1.2 cm diameter by 14.5 cm

in length) in the reactor before loading the reactants the internal

surface area of the reactor was nearly doubled (900 cm2

compared to 480 cm2).
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2.3.3 TEMPERATURE MEASUREMENTS.

The temperature of the reaction was followed as a function of

time by placing a thermocouple through the top of the reactor. The

resultant analog signal was digitized by the thermocouple readout

device, sent to the computer through parallel lines, and stored.

2.3.4 PRESSURE MEASUREMENTS.

The pressures produced by the reaction were followed by

attaching a pressure transducer to the pressure fitting on the side

of the reactor. A 2-meter-coil of stainless steel tubing was

placed between the reactor and the transducer to minimize high

temperature effects on the transducer. The analog signal from the

transducer is amplified, digitized and stored on the computer.

2.4 LIGHT FLASH EXPERIMENT.

0.1 g of sodium was combined with a stoichiometric amount of

VC14 or TiC14 in a 9 mm glass pyrex tube, sealed under

argon at 77° K and maintained at 77° K until just prior to

reacting. The tube was then heated for approximately 15 seconds

and agitated to initiate the reaction. The intensity of the

ensuing light flash was followed with respect to time by converting

it to an analog signal using a phototube and then amplifying,

digitizing, and storing it in the computer.



3.RESULTS

3.1 LIGHT FLASH RESULTS
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In order to determine whether the relative reduction rates of

TiC14 and VC14 are approximately equal, the light flash of

small scale reactions of each was followed as a function of time.

No light flash occurs upon addition of TiC14 to clean sodium.

Observation of the surface of the sodium shows formation of a crust

attributed to a coating of reduced Ti chlorides and sodium

chloride. This crust allows the sodium to maintain its shape, even

after the system has been heated above the melting point of sodium

(371° K). Explosive reaction, leading to a light flash, occurred

only after the heated tubes containing the reactants were violently

agitated.

After initiation of the reaction, the light intensity shows an

exponential rise characteristic of an explosive reaction [8]. The

initial rapid rise is followed by a rapid, often exponential,

decrease in the light intensity which is again followed by a rapid

increase. This behavior repeats until the reaction is completed

(see figure 2). The effect is one of extreme discontinuity in the

reaction. The "microreactions" varied in duration from 0.5 ms to

as long as 3 ms; no correlation was found between the duration of

the microreactions and the agitation rate. The rates of the

"microreactions," as calculated from the exponential rise and fall

times, were also unrelated and varied over a wide range.
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The observed reaction times for TiC14 and VC14 were

approximately equal. Nearly all reactions were complete within 300

ms. Many required less than 50 ms to go to completion.

The extreme discontinuity of the reaction and the reaction

times are illustrated in figure 2. The data plotted in the figure

are taken from typical runs using VC14 and TiC14 in

reactions with Na as described in section 2.3.

The relative reduction rates of the chlorides were of concern

because of potential problems with alloy formation. If the

reaction of one of the chlorides is occurring on a time scale

different than the others, it will be impossible to form an alloy

with the proper composition. The light flash results clearly show

that overall reduction times of the chlorides are approximately

equal, thus alleviating this concern.

The alloy particles from the Hurd Shaker consistently show a

wide scatter in the particle to particle composition (see section

3.4). The discontinuites observed during the light flash

experiment are undoubtedly one of the major factors leading to this

result. It is unrealistic to expect the nucleation and diffusion

necessary for powder alloy formation to proceed smoothly when the

reactions are discontinuous. The high chloride content often found

in titanium sponges may be an additional consequence of the

reaction discontinuity.

Prentice and Nelson [9) have attributed discontinuities

observed in the combustion of molten aluminum in a stream of oxygen

to repeated formation and breaking of an oxide coating on the
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surface of the aluminum. Our observations suggest that the

formation of a reduced metal chloride/sodium chloride coating on

the sodium surface which breaks and reforms during the sodium

reduction is responsible for the discontinuous nature of these

reductions.

3.2 TEMPERATURE AND PRESSURE MEASUREMENTS

To complement the light flash study of small scale reactions,

the rate of the large scale reaction was monitored using

temperature and pressure measurement devices. As with the small

scale reactions, explosive reaction does not occur upon addition of

TiC14 or VC14 to the clean sodium. Rapid reaction occurs

after heating the mixture to above the melting point of sodium

followed by violent agitation.1

Data from thermocouple studies of reactions of intermediate

size (20 and 30 mL TiC14) indicate that the peak temperature is

dependent upon the load size and the initial argon pressure over

the reactants. For a reaction using 30 mL of TiC14 under

ambient argon pressure, the data show a temperature rise from

405° K to a peak temperature of 1981° K in 2.5 s (see figure

3). The data taken from a reaction using 30 mL of TiC14 but

pressurized to 1.38 MPa argon show a temperature rise from 395° K

to a peak temperature of 1526° K in 2.5 s. Reactions using

smaller load sizes (20 mL TiC14) under similar conditions had
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approximately the same reaction time with correspondingly lower

peak temperatures.

Reaction times determined from the pressure study are in good

agreement with reaction times observed in the light flash

experiments (see figure 4). As with temperature, peak pressure and

reaction time are dependent on the initial conditions. For a

reaction run at ambient pressure and initiated by shaking, the

pressure rises from 0.172 MPa to 1.58 MPa in 550 ms. For a

reaction run at ambient pressure that initiated prior to shaking,

the pressure rises from 0.138 MPa to a peak pressure of 0.627 MPa

in approximately 4000 ms.

The short reaction times and the relative reaction rates of the

metal chlorides have important implications for the Hurd process.

The results from the pressure and light flash studies show that the

overall reactions are finished in the time it takes the Hurd shaker

to complete a few cycles (5.75 cycles/s). The short reaction times

observed when reaction is initiated by shaking indicates that the

agitation merely provides some reactant mixing and, most

importantly, initiation of the reaction. Lack of correlation

between the agitation rate and reaction discontinuities noted in

the light flash studies also support this statement. Our

(1) WARNING: The large scale reaction will occasionally initiate

during heating prior to agitation.
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observations indicate reaction is initiated at points where the

surface coating of the sodium is broken. Differences in reaction

times between large scale reactions initiated without shaking (550

to 650 ms) and large scale reactions initiated with shaking (4000

ms) were observed in the pressure studies. 2 These observations

argue that agitation caused by the shaker probably breaks the

surface coating on the sodium at many points allowing the reaction

to proceed very rapidly. Additional support for this argument is

provided by the agreement in reaction times (<0.8 s) of large scale

reactions initiated by shaking and the small scale reactions

studied in the light flash experiments.

In addition to providing information on the reaction times, the

large scale reaction studies give information on the temperature

and pressure behavior of the system. The high temperatures

generated during the reaction offer an explanation for large pieces

of alloy observed in early experiments. In these early reactions,

the load sizes were two to three times (80 to 100 mL TiC14) as

large as those for which the temperature and pressure data were

gathered. The reactor was unable to dissipate the heat generated

in a reaction of this size. This led to formation of pools of

molten alloy, which solidified to

(2) Long reaction times observed in the temperature studies are

attributed to the slow response time (0.5 to 1.0 s) of the

thermocouples.
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form large pieces of metal.

The data taken during the pressure study shows relatively low

peak pressures. The peak pressure observed in the 1.38 MPa run,

6.86 MPa, is in reasonable agreement with a simple gas law

calculation using an estimated peak temperature (calculated 9.58

MPa at 2073° K)3. The pressure increase was attributed only to

the heating of the inert gas. The peak pressure observed in the

ambient pressure run, 1.58 MPa, was considerably higher than a

value predicted from simple gas law calculations (calculated 0.736

MPa at 2273° K). The higher than predicted value has been

attributed to a pressure contribution from the flash vaporization

of the titanium tetrachloride.

An advantage of running the reaction under pressure is shown in

Table I. The table illustrates that the efficiency of aluminum and

vanadium incorporation increases as the pressure increases. At

ambient argon pressure the weight percent of aluminum in the

product was 6.66% and the weight percent of vanadium was 4.80%.

When the reaction was run under 1.38 MPa argon pressure, the weight

percent of aluminum was 8.24% and the weight percent of vanadium

was 5.17%. When the reaction was run under 13.8 MPa argon

pressure, the weight percent of aluminum was

(3) Peak temperatures are estimated using data from 20 ml and 30 ml

TiC14 runs and assuming a linear relationship. The equation of

state for ideal gases, PVnRT, is used to calculate the expected

pressures.
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9.04% and the weight percent of vanadium was 5.79%. For each

reaction the initial amounts of aluminum and vanadium tetrachloride

added were identical (2.00 g Al, 2.6 mL VC14; Theoretical yield

9.67% Al, 6.04% V).

3.3 POWDER MORPHOLOGY

The shape and size of the powder particles have several

important consequences when powders are compacted. Spherical

particles with a diameter in the range of 75 to 500 pm have been

shown to have the best packing densities and superior flow

properties [6]. It is important, therefore, that any process for

producing powders maximize the yield in the 75 to 500 pm size

range and give spherical particles.

The particle size distribution varies considerably with

reaction conditions. Data taken from several representative

reactions are shown in Table II. Experiments 1 and 2 show how the

particle size distribution changes with the sodium distribution in

the reactor. Experiment 1 was run using a single large piece of

sodium while experiment 2 was run using sodium strips (sec 2.3).

The percentages of middle (500pm>P.S.>75pm) and small

(P.S.<75pm) size particles increase and the percentage of large

(P.S.>500pm) particles decreases when the sodium strips were

used. Experiment 3 illustrates how adding extra surface area to

the reactor affects the particle size distribution. When the data

from experiment 3 is compared to experiments 1,2 and 6 (load sizes
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are equal and no extra surface area) there is a very pronounced

shift to the smaller particle sizes. When additional surface is

added only seven percent of the powder has particles greater than

500 pm, the balance of the powder particles are in the middle and

small size ranges. Experiments 4 through 7 show the effect load

size has on particle size distribution. A gradual decrease in the

percentage of the medium and small sized particles with increasing

load size is readily apparent. These results clearly show that the

particle size distribution is related to the load size and the

internal surface area of the reactor.

The morphology of powders made using the Hurd shaker is less

than ideal. Optical microscopy studies show that particles with

diameters in the 75 to 500 pm range are actually agglomerations

of smaller particles (see Figure 5). Powders from reactions using

relatively large load sizes (80 - 100 mL TiCl4) are mostly

aggregates of spherical particles with diameters ranging from 25 to

200 pm. Reactions using smaller load sizes (40 mL TiC14)

show aggregates of non-spherical particles of approximately 10

Am.

The shifts in particle size distribution are probably due to

changes in the heat produced during the reaction and the way in

which the system dissipates that heat. A large concentration of

reactants in a small volume of the reactor will lead to local "hot

spots". This allows larger aggregates of the alloy to form, thus

yielding larger particles. When large pieces of sodium are used or



154

when the amount of reactants is very large (80 mL TiC14) these

localized "hot spots" are more likely to form. When the additional

surface area is added the method by which particles are quenched is

changed. Instead of being quenched by collisions with an inert

gas, particles are quenched by collisions with the internal surface

area. This leads to fewer "hot spots" and more rapid quenching of

the particles.

Increasing the surface area in the reactor, or decreasing the

load size gives a more favorable distribution of particle sizes.

Unfortunately, these modifications aggravate other problems

inherent to the system;

1. An increase in reduced metal chlorides and unreacted

sodium was observed.

2. Products show a broader composition range from particle to

particle.

3.4 PARTICLE COMPOSITION

Harrigan, Kaplan, and Sommer [10], have studied the effects of

chemical composition on strength, fracture toughness, and

fatigue-crack growth rate of the Ti-6A1-4V alloy. In agreement

with earlier studies [11], they found the alpha stabilizers (A1,0)

exert the most influence on mechanical properties of the alloy.

Large amounts of aluminum (greater than 9 weight percent) can lead

to formation of undesirable compounds such as Ti3A1. Even

amounts in the six to seven percent range can lead to short range
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order. These changes in composition appear to alter the mechanism

of plastic deformation, leading to increasing strength and

decreasing toughness in the alloy. These studies indicate careful

monitoring and control of chemical composition is essential in

obtaining consistent mechanical properties.

The particle compositions of the powders made using the Hurd

shaker were frequently examined with a scanning electron

microprobe. The data from four representative samples is compiled

in Table III. Column 1 shows the results from a study of a

commercial sample [12]. The data shows little variability, with

all the particles having a composition within the acceptable

range. Column 2 shows the results from a study of a powder made

using the Hurd reactor with additional surface area added and

ambient initial argon pressure. Both the vanadium and aluminum

concentrations vary widely from particle to particle. The vanadium

concentrations of a particle are well outside the acceptable

range. Some improvement is seen when the reaction is run with no

additional surface area. However, many of the particle

compositions are still outside the acceptable range for the alloy.

Data from column three is taken from a reaction run with no

additional surface area and ambient pressure. The vanadium shows a

maximum of 34.95% and minimum of 0.89%; the aluminum shows a

maximum of 7.21% and a minimum of 1.16%. Similar results can be

seen in columns four and five for reactions run under increased

argon pressure. While the variability is still unacceptable, the

concentrations of aluminum and vanadium in general are higher for
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the pressurized system. This observation agrees with the

analytical results given in Table I. Both results illustrate the

increased efficiency of aluminum and vanadium incorporation for

reactions run under increased pressure.

These data illustrate a fundamental problem with this method of

forming powdered alloys. Without the driving force supplied by the

thermodynamic stability of a stoichiometric compound, variability

such as is observed must be expected. In an inhomogeneous reacting

medium such as this, the processes involved in forming the

solidified particles will yield widely varying particle

compositions.

4. CONCLUSIONS

This study was an attempt to prepare prealloyed Ti-6A1-4V

powder using a modified Hunter process. Because the powder

particles showed too much scatter in the particle compositions, the

powder did not meet the Air Force's criteria for use in critical

parts. However, a good deal of important information was obtained.

1. The reduction reactions are all discontinuous. This appears to

arise from a coating which forms on the partially reduced

species which momentarily stops the reaction. On reinitiation,

the reaction again occurs exponentially. This clearly leads to

difficulties with respect to chemical homogeneity of the

particles. With, for example, the V chloride system in an
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exponential reduction phase while the Ti chloride system is

momentarily quenched, particles with high concentrations in V

result. It is also anticipated that this behavior may account,

at least in part, for the inhomogeneity of each particle

itself.

2. Spherical particles are observed if the amount of material

reacting is large enough to cause melting of at least some of

the sample. However, this leads to relatively low yields of

powder. On the other hand, if the quantity of reagents is

limited so that no melting occurs then the particles are not

spherical.

3. Running the reactor at high argon pressures, 1.38 MPa to 13.8

MPa, clearly allowed a greater incorporation of Al and V into

the alloy. This argues that the buffer gas kept the particles

at a higher temperature long enough to allow the incorporation

of the alloying elements into the powder particles.

4. Any method attempting to produce alloy powders from initial

chemical precursors must be suspect. In order to produce a

constant composition it appears necessary to have a free energy

driving force toward a particular stoichiometry.
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Figure 1. Schematic drawing of the Hurd Shaker.

Flgur 1

HURD SHAKER

161

I
8.9 cm

_i_



162

Figure 2. Light intensity for small scale reduction of (a) TiC14,
(b) VC14 with Na as a function of time in milliseconds.
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Figure 3. Plot of temperature versus time (seconds) for the reduc-
tion of 30 ml of TiC14 with Na under 0.101 MPa or 1.38
MPa argon.
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Figure 4. Plot of pressure versus time for the reduction of 40 ml
TiC14 with Na under 0.101 MPa and 1.38 MPa argon.
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Figure 5. Powder morphology for the reduction of 40 ml TiC14 and
80 ml TiC14 with Na under argon.
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Table I
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Bulk analysis of alloy powder prepared by the Hurd
Shaker method under 0.101 MPa, 1.38 MPa, and 13.8 MPa
argon.

Experiment Weight % Al Weight % V

0.101 MPa 6.66 4.80

1.38 MPa 8.24 5.17

13.8 MPa 9.04 5.79



Table II Dependence of powder size fractions on reaction
conditions.

Exp. # P.S.>500 um 500 um>P.S.>75 um P.S.<75 um Conditions

1 8.5704 7.3695 3.2079 40 mL TiC14
44.8% 38.5% 16.7% a,c,e

2 5.0326 8.2520 5.0410 40 mL TiC14
27.5% 45.0% 27.5% a,c,f

3 1.4479 14.1171 5.1030 40 mL TiC14
7.0% 68.3% 24.7% b,d,f

4 0.3122 6.2968 2.2704 20 mL TiC14
3.5% 70.9% 26.6% a,d,f

5 1.7215 6.2913 2.2436 30 mL TiC14
16.8% 61.1% 21.9% a,d,f

6 4.4991 11.5697 3.6376 40 mL TiC14
22.8% 58.7% 18.4% a,d,f

7 18.710 11.150 2.301 80 mL TiC14
58.2% 34.7% 7.1% a,c,e

(a) No additional surface added
(b) Additional surface area added
(c) AlC13 used
(d) Al powder used
(e) Na introduced in form of large pieces
(f) Na strips used
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