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Preface

This report summarizes awide range of research programs which have both potential and current
impact in the area of heterogeneous catalysis and are supported by the Department of Energy's
Office of Basic Energy Sciences, Chemical Sciences, Geosciences, and Biosciences and the
Materials Sciences and Engineering Divisions. The participants a this meeting include
researchers from Department of Energy (DOE) National Laboratories, and university researchers
who currently receive DOE support for cataysis-related research. They are joined by
representatives from DOE headquarters and severa invited guests from within the catalysis
community.

Thisisthe eleventh in this series of meetings, the first in four years, to foster technical discussion
between researchers and to provide an opportunity to establish interactions and collaborations
between scientists with similar interests. An additional purpose of the meeting is to provide a
forum for active researchers to discuss current and future problems in catalysis as well as
possible future directions. The informal interactions on these topics during the course of the
meeting comprise an important meeting objective.

The conscientious and able efforts over many months of Professors Raul Miranda at the
University of Louisville and Curt Conner of University of Massachussetts in helping to arrange
and host this meeting are gratefully acknowledged.

Dan Melamed

August 2000



Eleventh BES Meeting on Heterogeneous Catalysis and
Surface Science

Tuesday August 15

Arrival

Wednesday Auqust 16

7:00-8:00 Poster Setup/Breakfast

8:00-8:30 Conference Opening Remarks

I. Fundamental techniques
Spectroscopy I: Surface Spectroscopy and Imaging of Model Catalysts

Time Project Page

8:30 - 8:45 Chemical Bond Activation on Surface Sites Generated 1
Photochemically
John T. Yates - UNIVERSITY OF PITTSBURGH

8:45 - 9:00 Chemistry of Complex Organic Energy Resources: Molecular 2
Dynamics in Model Systems Having Constrained Lateral Diffusion”
M.E. Sigman - OAK RIDGE NATIONAL LABORATORY

9:00 - 9:15 Infrared Spectroscopy of Metal Clusters and Cluster-Adsorbate 3
Complexes
Michael A. Duncan - UNIVERSITY OF GEORGIA

9:15-9:30 Oxide-Supported Metal Catalysts: Energetics Controlling Particle Size 4
and Chemisorption/Catalytic Properties
Charles T. Campbell - UNIVERSITY OF WASHINGTON

9:30 - 9:45 Scanning Tunneling Microscopy Study of the Structure and Stability 5
of Reactive Sites on Oxide Catalyst Surfaces
Eric I. Altman - YALE UNIVERSITY

9:45-10:00 Chemistry of Bimetallic and Alloy Surfaces 6
Bruce E. Koel - UNIVERSITY OF SOUTHERN CALIFORNIA

10:00-10:15 Chemical Dynamics at Surfaces 7
Mike White - BROOKHAVEN NATIONAL LABORATORY

10:15-10:30  Correlations Between Surface Structure and Catalytic 8
Activity/Selectivity
D. W. Goodman - TEXAS A&M RESEARCH FOUNDATION



10:30-10:45 Discussion
10:45-11:00 Break

Modeling and Calculation

Time Project Page

11:00-11:15  Structure Sensitivity of Surface Chemical Reactions 9
Manos Mavrikakis - UNIVERSITY OF WISCONSIN

11:15-11:30 Modeling NOy Catalysis by Cu-Exchanged Zeolites 10
James B. Adams - ARIZONA STATE UNIVERSITY

11:30-11:45 Computational Chemistry Applications in Heterogeneous Catalysis 11
John B. Nicholas - PACIFIC NORTHWEST NATIONAL LABORATORY

11:45-12:00 First-Principles Studies of Chemical Properties of Metal and Oxide 12
Surfaces Rugian Wu - CALIFORNIA STATE UNIVERSITY AT NORTHRIDGE

12:00-12:15 Theoretical Studies of Surface Reactions on Metals and Electronic 13
Materials
Jerry Whitten - NORTH CAROLINA STATE UNIVERSITY

12:15-12:30 Discussion
12:30-1:30 Lunch-Buffet

Spectroscopy Il: In-Situ, Surface and Bulk Characterization

Time Project Page

1:30-1:45 New Solid State NMR and Diffraction Approaches for Studying 14
Catalysts: Applications to Zeolites and Aluminum Oxides
Clare Grey - STATE UNIVERSITY OF NEW YORK AT STONY BROOK

1:45-2:00 Lessons from Sorption in Molecular Sieves 15
William C. Conner - UNIVERSITY OF MASSACHUSETTS

2:00-2:15 Methanol to Olefin Chemistry on Microporous Solid Acids 17
James F. Haw - UNIVERSITY OF SOUTHERN CALIFORNIA

2:15-2:30 In-situ UV Raman Spectroscopy in a Fluidized Bed 19
Peter C. Stair - NORTHWESTERN UNIVERSITY

2:30-2:45 Progress In Applications of High Resolution Solid State NMR to 20
Catalysis
M. Pruski - AMES LABORATORY
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2:45-3:00

3:00-3:15
3:15-3:30

Time

3:30-3:45

3:45-4:00

4:00-4:15

4:15-4:30

4:30-4:45

4:45-5:00

5:00-5:15

5:15-5:30

5:30-5:45

5:45-6:00

Project

Neutron Diffraction and Catalysis, an Overview
John Z. Larese - BROOKHAVEN NATIONAL LABORATORY

Discussion

Break

Synthesis and Design of Catalytic Materials

Project

Fundamental Studies of the Formation of Mesoporous Synthetic Clays
K. A. Carrado - ARGONNE NATIONAL LABORATORY

Carbogenic Molecular Sieves for Reaction and Separation by Design:
A Novel Approach to Shape Selective Super Base and Catalytic
Membranes

Henry C. Foley - UNIVERSITY OF DELAWARE

Preparation of Highly Ordered Vanadium Substituted MCM-41.:
Stability, Acidic and Catalytic Properties
Gary L. Haller - YALE UNIVERSITY

Porous Manganese Oxides: Preparation, Characterization, and
Applications
Steven L. Suib — UNIVERSITY OF CONNECTICUT

Combined Homogeneous and Heterogeneous Hydrogenation
Catalysts. Rhodium Complexes Tethered on Silica-Supported
Palladium Catalysts

Robert J. Angelici — AMES LABORATORY

Molecular Design and Synthesis of Heterogeneous Catalysts
T. Don Tilley — LAWRENCE BERKELEY NATIONAL LABORATORY

Effects Of Supports on Metal Complexes and Clusters: Structure and
Catalysis
Bruce Gates — UNIVERSITY OF CALIFORNIA DAVIS

Cluster lon Beam Deposition for Catalysis Studies
Scott L. Anderson — UNIVERSITY OF UTAH

Spatially Resolved Chemistry One by One
Wilson Ho - CORNELL UNIVERSITY

Cluster Reactions: An approach to Elucidating the Physical Basis of
Heterogeneous Catalysis
A. W. Castleman, Jr. - PENNSYLVANIA STATE UNIVERSITY
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8:30-8:45

8:45-9:00

9:00-9:15

9:15-9:30

9:30-9:45

9:45-10:00

Project

Partial Oxidation of Benzene and Higher Aromatics with N,O over
MCM-22

Raul Lobo - UNIVERSITY OF DELAWARE

Structure/Property Relationships in Transition Metal Carbides and
Nitrides
Jingguang G. Chen - UNIVERSITY OF DELAWARE

Discussion

Poster Session
Dinner on your own

Thursday August 17

Breakfast

Mechanism Identification

Project

Model Microcrystalline Mixed-Metal Oxides for Partial Oxidation and
Desulfurization
Cynthia M. Friend - HARVARD UNIVERSITY

The Effect of Adsorbed Alkylidyne on The Dynamics of Adsorption of
Methane on Pt(111)
Robert J. Madix - STANFORD UNIVERSITY

Morphological and Kinetic Aspects of Surface Processes
J. M. White - UNIVERSITY OF TEXAS AT AUSTIN

Morphological Instability in Model Thin Film Catalysts: Structure,
Reactivity and Electronic Properties
Theodore E. Madey — RUTGERS, STATE UNIVERSITY OF NEW JERSEY

Probing Surface Chemistry under Catalytic Conditions: Hydrogenation
and Cyclization
Wilfred T. Tysoe — UNIVERSITY OF WISCONSIN

Partial Oxidation of Hydrocarbon: Surface Science and Catalytic
Studies
Francisco Zaera — UNIVERSITY OF CALIFORNIA RIVERSIDE

High Pressure Heterogeneous Catalysis in a UHV Environment: The
Role of Bulk H
S. T. Ceyer — MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Experimental, Structural, and Theoretical Studies of Active Oxygen
Speciesfor Catalytic Conversion of Hydrocarbons
Kevin C. Ott - LOS ALAMOS NATIONAL LABORATORY
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C-C and C-H Bond Activation of C3 through C6 Cycloalkanes on Ir
(111)
W. Henry Weinberg - UNIVERSITY OF CALIFORNIA AT SANTA BARBARA

Discussion

Break

Il. Major catalyst types
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Metal Oxides-Solid Acids and Bases

Project

Solid Base Catalysts Prepared by Occlusion of Alkali Metals and Metal
Oxides in Zeolite Pores
Robert J. Davis - UNIVERSITY OF VIRGINIA

Experimental and Theoretical Approaches for the Design of Catalysts
Used to Produce Fuels and Chemicals
Alexis T. Bell - LAWRENCE BERKELEY NATIONAL LABORATORY

Experimental and Theoretical Studies of Surface Oxametallacycles:
Connections to Olefin Epoxidation
Mark A. Barteau - UNIVERSITY OF DELAWARE

Influence of Local Structure on Chemisorption Properties and Oxidation
Reactions Over Metal Oxide Surfaces
David F. Cox - VIRGINIA POLYTECHNIC INSTITUTE & STATE UNIVERSITY

Selective Oxidation of Hydrocarbons Over Mixed Metal Oxides:
Spectroscopic and Kinetic Characterization of Sol Gel and
Combinatorial Catalysts

Glenn L. Schrader - AMES LABORATORY

Thermodynamic and Kinetic Aspects of Solid Acidity
James A. Dumesic - UNIVERSITY OF WISCONSIN

Discussion

Lunch-Buffet

Supported Metals

Project
Kinetics of Methane Combustion on Palladium Foils
Fabio Ribeiro - WORCESTER POLYTECHNIC INSTITUTE

Restructuring of Heterogeneous Catalysts
Abhaya K. Datye - UNIVERSITY OF NEW MEXICO
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Project

Applications of Palladium Catalysts In Energy Production Processes
Lisa Pfefferle - YALE UNIVERSITY

Alteration of Selectivity and Activity in Hydrogenation Reactions
M. A. Vannice - PENNSYLVANIA STATE UNIVERSITY

Activity and Selectivity of a Pd/Al,O3 Catalytic Membrane in the Partial
Hydrogenation of Acetylene
Richard Gonzalez - TULANE UNIVERSITY

Manipulation of the Catalytic Properties of Metal Particles
R. Terry K. Baker - NORTHEASTERN UNIVERSITY

Break

SCR DeNOy (Catalytic Converters)

Project

Mechanism of Oxygen Storage by Nano-Particle Ceria
T. Egami, J.M. Vohs - UNIVERSITY OF PENNSYLVANIA

NOy Reduction under Oxidizing Conditions over Al,Os-Supported
Catalysts
Harold H. Kung - NORTHWESTERN UNIVERSITY

Plasma-Assisted Catalytic Reduction of NOx
B. M. Penetrante - LAWRENCE LIVERMORE NATIONAL LABORATORY

Studies of Metal-Oxide and Oxide-Oxide Interactions in Automotive
Emissions-Control Catalysis
Raymond J. Gorte - UNIVERSITY OF PENNSYLVANIA

The Selective Catalytic Reduction of NO by Propylene over Supported
Platinum Catalysts
Michael D. Amiridis - UNIVERSITY OF SOUTH CAROLINA

Effect of Support Oxidation State Upon Chemisorption and Reaction at
Rh/Ceria Model Catalysts
S. H. Overbury - OAK RIDGE NATIONAL LABORATORY

Identification of Active Sites and Elementary Steps in the Selective
Reduction of NOyover Fe/MFI and Co/MFI Catalysts
Wolfgang M.H. Sachtler - NORTHWESTERN UNIVERSITY

Model Studies of Automobile Exhaust Catalysis Using Single Crystals
of Rhodium and Ceria/Zirconia
Charles H.F. Peden - PACIFIC NORTHWEST NATIONAL LABORATORY
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5:15-5:30
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Understanding the Role of Metal/Support Interactions in Automotive
Catalysts
James Howe- UNIVERSITY OF VIRGINIA

Discussion
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Heteroatom Removal

Project

The PtSn Surface Chemistry Controlling Olefin Formation from
Chloroalkanes
Julie L. d'ltri- UNIVERSITY OF PITTSBURGH

Sulfur Interaction with Metal Surfaces
Jan Hrbek- BROOKHAVEN NATIONAL LABORATORY

Desulfurization Processes on Oxide and Sulfide Surfaces
Jose A. Rodriguez-BROOKHAVEN NATIONAL LABORATORY

Novel Catalysts for Advanced Hydroprocessing: Transition Metal
Phosphides
S. Ted Oyama- VIRGINIA POLYTECHNIC INSTITUTE & STATE UNIVERSITY

Discussion
Dinner /Banquet

Poster Session

Friday August 18

Breakfast

Hydrocarbon Processing

Project

Millisecond Chemical Reactors
Lanny Schmidt- UNIVERSITY OF MINNESOTA

Activation of Methane by Size-Selected Iron Cluster Cations: Fe," (n =
2-15)
P. B. Armentrout-UNIVERSITY OF UTAH
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Structural Requirements and Reaction Pathways
Enrique Iglesia - LAWRENCE BERKELEY NATIONAL LABORATORY

A Study of Catalysts and Mechanisms In Synthesis Reactions
Jack Lunsford - TEXAS A&M RESEARCH FOUNDATION

Mediation of Heterogeneous Oxidation of Aliphatic Hydrocarbons
Through System Specific Optimization of Photo-Induced Charge
Carrier Separation Distance on TiO,, Pt/TiO;, and Iron Oxide/TiO,
Particulate Photocatalysts

Pericles Stavropoulos - BOSTON UNIVERSITY

Methanol: A “Smart” Chemical Probe Molecule
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Chemical Bond Activation On Surface Sites
Generated Photochemically

John T.Y ates, Jr.
Department of Chemistry
Surface Science Center
University of Pittsburgh
Pittsburgh, PA 15260

The production of nascent surface sites capable of activating chemical bonds in a range of
molecules has been achieved by photochemical means. The direct photodesorption of a CO
ligand from the Rh(I)(CO), /Al,O3 species has been observed, and the coordinatively unsaturated
Rh site produced by this process has been found to activate the C-H bond in alkanes, the H-H
bond in H,, the O=0 bond in O,, and the C=0 bond in CO,. Thissite is not capable of activating
the N, molecule, and a substitution reaction producing Rh(I)(CO)(N2) and Rh(I)(N2)(N2) is
observed. The photochemical process has been studied on the dispersed catalyst using
transmission IR spectroscopy as well as UV-VIS spectroscopy, and the nature of the direct
electronic activation leading to active site production has been probed. The work as a whole is
closely connected to similar chemistries observed in homogeneous phase using organometallic
target molecules.



Chemistry of Complex Organic Energy Resources: Molecular Dynamicsin M odel
Systems Having Constrained L ateral Diffusion

M. E. Sigman, A. C. Buchanan Il1, P. F. Britt, R. T. Dabestani, and E. W. Hagaman
Chemical and Analytical Sciences Division
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6100

The objective of this program is to conduct basic research that provides new molecular level
knowledge of the chemical structure and reactivity of complex carbon systems typified by fossil
and renewable organic energy sources such as coal, petroleum, oil shale, lignin and biomass. The
knowledge gained from this research contributes to the scientific foundations of novel,
environmentally responsible, energy efficient processes for the utilization of hydrocarbon
resources as a source of fuels, chemicals and advanced materials. The kinetic and mechanistic
information derived from these studies provides insight into chemical transformations under
diffusional constraints that are important in the processing of cross-linked macromolecular
organic systems. The work presented will focus on newly initiated photochemical and
photophysical studies of the impact of restricted diffusion on the rates and energetics of
hydrogen atom abstraction reactions. Fluorescence anisotropy measurements are being employed
to provide new insights into the molecular dynamics of silica-supported moieties in organic
energy resource model systems. These experiments are designed to measure rates of molecular
reorientation for surface-attached (lateral diffusion restricted) chromophores. The rates of
reorientation will be coupled with rates of hydrogen atom abstraction to provide a more complete
picture of radical center migration in diffusionally restricted systems. Free-radical clock
rearrangements and direct observation through transient spectroscopic techniques will measure
hydrogen atom abstraction rates.



Infrared Spectroscopy of Metal Clustersand Cluster-Adsorbate Complexes

Michael A. Duncan
Department of Chemistry
University of Georgia
Athens, Georgia 30602

Metal atom clusters have exciting applications in heterogeneous catalysis, which has enormous
importance for the conversion of fossil fuels into useful chemicals. Our research explores the
fundamental properties of nanoscale metal clusters and crystallites. New techniques have been
developed and are under development to probe the vibrational spectroscopy of these clusters as
well as complexes containing metal clusters with smple adsorbates. Up-to-date details of this
new work will be presented.

Inthefirst area, metal clusters containing up to 200 atoms are probed with the new technique of
IR-REMPI spectroscopy using far infrared radiation from the "FELIX" free-electron laser. Metal
carbide clusters of titanium and vanadium have recently been studied to demonstrate this
methodology. New experiments extend this work to study niobium-carbide clusters and metal
oxide clusters of magnesium, aluminum and titanium. In the IR-REMPI method, gas phase
clusters are excited on resonance with their vibrational spectrum, and subsequent multiphoton
absorption results in "thermionic emission” of an electron. The corresponding positive ions are
detected in a mass spectrometer as a function of the laser wavelength, providing a size-selected
vibrational spectrum for the cluster. Vibrational modes associated with surface phonons for the
clusters are detected, which can be compared to previous EELS spectra of the bulk materials or
to IR spectraof thin films.

In the second new area, infrared OPO lasers are employed in the mid-IR region (2000 to
4500 cm™) to probe the vibrational modes of adsorbate molecules interacting with metal clusters.
Cluster-adsorbate complexes are produced in the gas phase, size selected with mass
spectrometers, and detected via resonance-enhanced photodissociation spectroscopy. This new
areais under development, and the first results will be presented.



Oxide-Supported Metal Catalysts: Energetics Controlling Particle Size And
Chemisorption / Catalytic Properties

Charles T. Campbell
Department of Chemistry, Box 351700
University of Washington
Seattle, WA 98195-1700

Oxide-supported metal catalysts are important in many facets of energy technology. In this
project, we address the relationships between the energetic stability of late transition metal
particles on oxide supports and their structural, electronic, chemisorption and catalytic
properties. Oxide-supported metal catalysts have been studied here using well-defined surfaces
involving vapor-deposited metal films on single-crystal oxides.  Angle-resolved Xray
photoelectron spectroscopy (ARXPS), low-energy He ion scattering spectroscopy (1SS), low-
energy electron diffraction (LEED), work function, and band-bending measurements and
temperature programmed desorption (TPD) were used to characterize the resulting structures
formed and their chemisorption properties. The thermal thickening (sintering) kinetics of metal
islands have also been measured using temperature-programmed ISS. Metal adsorption
calorimetry was performed using a chopped atomic beam of metal vapor, which adsorbs onto an
ultrathin single crystal's surface, causing atransient temperature rise. This heat input is detected
by a pyroelectric polymer ribbon, which is gently touched to the back of the crystal during
calorimetry. The differential heat of adsorption is thus measured as a detailed function of
coverage up through multilayer coverages. From the integral heat of adsorption, we can also
calculate the adhesion energy of the metal film to the oxide and its interfacial energy. An

adhesion energy for Cu to clean MgO(100) of 220+30 uJ/cmZ, for example, was determined in

thisway. Techniques that provide adhesion energies for films at clean, well-defined surfaces are
not otherwise available, to our knowledge.

The effects of flux, temperature and defect density on the metal particle morphology were
studied for Au/TiO,(110) and Cu/ZnO(0001) and fitted to an atomistic kinetic model. Their
measured sintering kinetics are now being modeled.

The bonding of late transition metals to support oxides is weak, so that, when metal particles
with 100% dispersion (in the form of 2D rafts) can be prepared, they chemisorb molecules more
strongly than do thicker (i.e., 3D) metal particles. On TiO,(110), for example, 2D Au islands
adsorb oxygen adatoms much more strongly than do thick 3D Au clusters. This implies that
ultrathin gold particles should be able to dissociatively adsorb O, more readily than large gold
particles. The association reaction (CO+ Ogd - CO,) gets faster as the oxygen adsorption
energy decreases (with Au island thickness), as expected based on Bronsted relations.

We have also addressed the effects of surface chlorine on catalyst dispersion and on the reaction
pathways and kinetics of adsorbed formate on model Cu/ZnO(0001) and Pt/ZnO(0001)
catalysts. Pre-adsorption of chlorine facilitates metal particle agglomeration, and alters the
decomposition selectivity of Zn-bound formate to favor dehydrogenation.



Scanning Tunneling Microscopy Study of the Structure and
Stability of Reactive Sites on Oxide Catalyst Surfaces

Ericl. Altman
Department of Chemical Engineering
Y ale University
New Haven, CT 06520

Metal oxide surfaces play an important role in many processes central to efficient resource
utilization and pollution control. Improvements in the selectivity and activity of oxide catalysts
have the potential to reduce emissions of toxic gases, to improve the efficiency of the chemical
industry, and to allow the use of less expensive feedstocks in the chemical industry. Despite the
importance of oxide catalysts, the relationship between catalytic activity and structure remains a
subject of debate. Therefore, we have been characterizing the structure and reactivity of active
sites on oxide surfaces using scanning tunneling microscopy (STM) along with temperature
programmed desorption (TPD) and other standard surface characterization techniques. We have
been focusing on the (001) surfaces of the isostructural oxides WO3; and 3-MoOs;. By varying
the surface preparation conditions, a number of different surface structures can be prepared. For
WO;(001) these include an atomically rough surface, a c(2x2) surface with half the terminal
oxygens removed, (2x2), c(4%2) and c(6x2) surfaces with % of the terminal oxygens removed
and half the surface W ions reduced from +6 to +5, and a (1x1) surface with all the terminal
oxygens removed and all the surface W ions reduced to +5. Thus by comparing the reactivity of
these surfaces towards a series of alcohols, we are determining the effect of cation reduction and
terminal and bridging oxygens on the catalytic pathway. Further, by comparing WO; and 3-
MoO; we are determining the effect of the cation without changing the structure. We have found
that the WO3; (001) c(2x2) surface readily adsorbs methanol, 1-propanol, 2-propanol, and t-
butanol. All the alcohols adsorb molecularly at 300 K and dissociate to form an alkoxide at 400
K; the primary, secondary, and tertiary alkoxides react to form the corresponding alkene,
indicating that the c(2x2) surface exhibits only dehydration activity. The alkene desorption
temperatures decreased in going from the primary to the secondary to the tertiary alcohol,
indicating that the desorption is limited by the rate of C-O bond cleavage of the adsorbed
alkoxide. STM images of 1-propoxide showed that the alkoxide forms on the c(2x2) terraces
above the exposed W*® ions. The images also revealed no preference for the alkoxide to bond to
steps or other defects on the surface. Further, we have demonstrated that the alkoxide can be
removed from the surface with the STM tip, opening up the possibility of directly determining
the structure of the underlying adsorption site for oxides in which isolated defects dominate the
catalytic behavior of the surface.



Chemistry of Bimetallic and Alloy Surfaces

Bruce E. Koel
Department of Chemistry
University Of Southern California
Los Angeles, CA

Supported metal heterogeneous catalysts are central to developing new and improved energy
technologies and mitigating environmental impacts of energy use. Metal catalysts usually, if not
aways, involve more than one metal component. However, while we understand fairly well
chemical reactions that occur on individual metal surfaces, there is little fundamental knowledge
about how surface composition and structure of multi-metal catalysts give rise to the superior
properties of such catalysts over those of the single-metal components. The objectives of our
research are to define the overall chemical reactivity of bimetallic alloys and clarify the role of a
second metal in altering surface chemistry and catalysis on bimetallic surfaces. This will aid
developing general principles for understanding the reactivity and selectivity of bimetallic
catalysts. Several alloys have been investigated, but the focus of the current work is on Pt-Sn due
to its importance and potential for carrying out selective hydrogenation and dehydrogenation
reactions. Our research plan is to carry out fundamental studies of primarily hydrocarbon
reactions on well defined, ordered surface alloys of Sn with Pt that can be prepared by the
controlled vapor deposition of Sn onto single crystal Pt substrates. Spectroscopic studies of
hydrocarbon chemisorption and reaction in UHV on these surfaces reveal changes that occur in
adsorption, bonding, and reaction selectivity as the reactive Pt ensembles available are steadily
reduced to include isolated 3-fold Pt sites, 2-fold Pt sites, and single Pt atoms. In parallel with
these studies, we are measuring catalytic reaction kinetics over these same surfaces at higher
(1-760 torr) pressures to understand how the composition and structure of Pt-Sn alloy surfaces
affect activity and selectivity in hydrocarbon catalysis. Measurements of activation energies and
reaction orders for catalytic reactions over alloy model catalysts are carried out in a microreactor
that is attached to a fully instrumented UHV chamber. A transfer-rod enables us to prepare
ordered Pt-Sn alloys in UHV, carry out the catalytic studies, and characterize the surfaces
following reaction. Our focus up to this point has clearly been on surface-science type of
investigations. These play an essential role in understanding the catalysis occurring over these
surfaces by providing measurements of the rates of elementary reaction steps and identifying
possible reaction intermediates. This helps elucidate and simplify mechanisms proposed to
explain high-pressure catalytic reactions.



Chemical Dynamics at Surfaces

Robert J. Beuhler, Rg) M. Rao and Michael G. White
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

The aim of this research program is to explore the internal state and translational energy
dependence of elementary activation, association and oxidation reactions on transition metal
surfaces that are important in energy-related catalysis. Our approach is based on measurements
of the energy and quantum-state distributions of desorbed products which reflect the mechanism
of the desorption process, and in favorable cases, can be used to infer dynamics on the surface-
bound transition state potential. This approach iswell suited for probing the reaction dynamics of
simple systems (e.g., Hz, O,, N,, CO, NO, CO,, H,CO) which are ubiquitous in catalytic
processes such as reforming, epoxidation and feedstock chemical production. Photoexcitation
leading to surface heating (infrared light) or photodissociation (UV light) is also being used as an
alternative means for activating surface reactions with some control over reaction intermediates,
kinematics, time-scales and rates.

Current studies are centered in three areas. (1) fundamental studies of photo-induced
desorption on metal surfaces; (2) investigations of oxygen recombination and selective oxidation
reactions on silver surfaces; (3) exploring the use of photoexcitation for inducing novel surface
reactions at low surface temperatures. Highlights of thiswork are summarized below:

* A previously unknown non-thermal desorption mechanism was characterized in state-
resolved studies of IR-induced (1064 nm) desorption of weakly bound adsorbates (CO,
N, Kr) on Ag(111). (Rao, et al, J. Chem. Phys., 109, 8016 (1998)).

» Thekinetics of the partial oxidation of methanol were measured in real time and under
collision free conditions using a novel Ag-membrane reactor and a differentially-
pumped mass spectrometer for product (formaldehyde) detection. (Beuhler, et al, J.
Phys. Chem., submitted).

* The dynamics of the O-atom recombination reaction on a polycrystalline Ag surface
were investigated in the first use of state-resolved spectroscopy for detecting O,
resulting from a surface reaction.

o State-resolved detection of desorbed CO was used to investigate the UV-induced
photodissociation dynamics and photo-polymerization kinetics of formaldehyde on
Ag(111) . (Rao, et al, J. Phys. Chem. 102, 9050 (1998)).

Future work will continue to explore the use of photoexcitation for inducing otherwise
thermal reactions via photodissociation or IR laser-induced thermal heating of co-adsorbed
species at low surface temperatures (20-100 K). These studies will focus on the dissociative
adsorption (activation) of N, O,, NO, CO, and CH,4 on transition metal surfaces (Ag, Pd, Ni)
which represent elementary reaction steps in oxidation, De-NO, and dry reforming reactions.
Reactivity studies using the Ag-membrane reactor will be extended to the epoxidation of
ethylene with the goal of obtaining mechanistic and rate information. New experimental
capabilities include a 2-D ion-imaging spectrometer for obtaining the spatial distribution of
desorbing neutral molecules and a molecular beam scattering apparatus. The latter will be used
in concert with state-resolved measurements to investigate the translational energy dependence
of sticking and reaction, with specific application to SO, reactivity on pure and metal-promoted
oxides (Mg, Zn) related to sulfur removal in combustion emissions (De-SOy).



Correlations Between Surface Structure and Catalytic Activity/Selectivity

D. W. Goodman
Department of Chemistry
Texas A&M University
College Station, TX 77843

The project objective is to address those issues that are keys to understanding the relationship
between surface structure and catalytic activity/selectivity. Of primary concern in the current
studies are the origins of the unique catalytic properties of nano-metal clusters, particularly those
of supported gold catalysts for partial oxidation reactions. The experimental approach utilizes a
microcatalytic reactor contiguous to a surface analysis system, an arrangement allowing in vacuo
transfer of the catalyst from one chamber to the other. Surface techniques being used include
Auger (AES), UV and X-ray photoemission spectroscopy (UPS and XPS), ion scattering
spectroscopy (ISS), temperature programmed desorption (TPD), low energy electron diffraction
(LEED), high resolution electron energy loss spectroscopy (HREELS), infrared reflection-
absorption spectroscopy (IRAS), and scanning probe microscopies (UHV-STM, AFRM).
Currently the preparation, characterization, and determination of the catalytic properties of ultra-
thin metal and metal oxide films are being explored. Specifically, the program is proceeding
toward three goals: (1) modeling supported metal catalysts using ultra-thin planar oxide surfaces,
(2) investigating the unique catalytic properties of ultra-small (<3nm), supported metal (e.g. Au,
Ag, Cu) clusters, and (3) establishing a correlation between the electronic and reactivity
properties of ultra-small, supported metal clusters.

Recent Representative Publications:

M. Valden, X. Lai, and D. W. Goodman, Science, 281(5383), 1647-1650 (1998).

M. Valden, S. Pak, X. Lai and D. W. Goodman, Catalysis L etters, 56, 7-10 (1998).

X. Lai, T. P. St. Clair, M. Vaden and D. W. Goodman, Progress in Surface Science,

59, 25-52 (1998).

. Q. Guo, W. S. Oh and D. W. Goodman, Surface Science, 437, 49-60 (1999).

. Q. Guo, S. Leeand D. W. Goodman, Surface Science, 437, 38-48 (1999).

M. A. Brookshier, C. C. Chusuei and D. W. Goodman, Langmuir, 15, 2043-2046 (1999).
C. C. Chusuei, M. A. Brookshier and D. W. Goodman, Langmuir, 15, 2806-2808 (1999).
G. Liu, T. P. &.Clair, and D. W. Goodman, J. Phys. Chem., 103, 8578-8582 (1999).

X. Lai, T. P. &t. Clair and D. W. Goodman, Faraday Discussions, (No. 114), 279-285 (1999),
C. C. Chusuei, M. A. Brookshier and D. W. Goodman, Langmuir, 15, 2806-2808 (1999).
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Structure Sensitivity of Surface Chemical Reactions

Manos Mavrikakis
Department of Chemical Engineering
University of Wisconsin-Madison
Madison, WI 53706

Catalysisis at the center of the majority of industrial chemical transformations. The central goal
of our program is to develop a fundamental understanding of how the detailed electronic
structure of catalytic surfaces affects the thermochemistry of adsorption, the diffusion of
adsorbates, and the kinetics of bond-breaking/bond-making events. This fundamental
understanding provides critical insights for tuning catalytic activity and selectivity for a variety
of chemical reactions in the desired direction. The design of new catalytic surfaces based on first
principles calculations can lead to significant improvements of existing catalytic processes,
accompanied with considerable energy savings and increased environmental protection.

In particular, periodic DFT calculations are used to demonstrate how stepped and strained
transition metal surfaces show enhanced reactivity towards small molecules. Our studies show
that stretched surfaces bind adsorbates stronger than compressed surfaces. Moreover, stretched
surfaces are predicted to decrease the barrier for specific reactions, such as dissociation of small
molecules. Similarly, systematic studies of severa adsorbate/surface combinations suggest that
stepped surfaces bind adsorbates stronger than flat surfaces. The role of the d-band center as the
unifying underlying parameter, successfully describing changes in the chemica reactivity of
surfaces for a variety of cases, including the effects of steps and strain, will be discussed. In al
cases, the chemical reactivity of the surface increases as the d-band center of the clean surface
moves closer to the Fermi level. As aresult, the d-band center can be treated as a useful design
parameter for tailoring surfaces to specific reactivities.



Modeling NOx Catalysis by Cu-Exchanged Zeolites

James B. Adams
Dept. of Chemical and Materials Engineering
Arizona State University

There has been great progress in the development of new lean-burn diesel engines that promise
up to 30% increased fuel efficiency over conventional automotive engines. However, the major
roadblock to their implementation is the lack of a NOy catalyst for their operating conditions. A
leading candidate is Cu-exchanged ZSM-5, especially when a reductant such as hydrocarbons or
ammoniais added. One of the major issues regarding these catalysts is that we do not know the
reaction mechanisms that are involved in NO, decomposition or selective catalytic reduction
(SCR).

Therefore, we have concentrated on determining the reaction mechanisms which occur during
the relatively simple case of NO, decomposition, and are now working on the more complex
case of SCR by ammonia. Our work has involved a detailed quantum chemical search for the
possible reaction mechanisms, and a calculation of the rates of the relevant reactions. The
results of those calculations of individual rates are used as input into our hew macroscopic rate
equation model, which can then calculate the gases that flow out of the catalyst as a function of
the input gas concentration and the operating conditions (temperature and pressure). We will
present our results for NO, decomposition, and compare them with experimental measurements
of reaction products as a function of temperature.

In addition, we will discuss the important role that can be played by Cu-pairs in the zeolite, as
our density functional calculations have demonstrated that they are thermodynamically stable,
and our datistical analysis has shown that they will occur in significant numbers under typical
loading conditions.

Finally, we will discuss our preliminary work on ammonia, and our hypotheses as to what are the
major reaction pathways for SCR of NOy by ammonia.
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Computational Chemistry Applicationsin Heterogeneous Catalysis

John B. Nicholas
Environmental Molecular Sciences Laboratory
Pacific Northwest National Laboratory
Richland, WA 99352

The computational catalysis program at PNNL provides fundamental understanding of important
catalytic processes, such the conversion of methanol to gasoline and olefins (MTG and MTO
chemistry), and the elimination of pollutants from automobile exhaust (NOy reduction and

oxidation). Thus, our program provides the knowledge needed to make chemical processes more
energy efficient and less polluting. Our work combines cutting-edge theoretical methods with
innovative experimental techniques. In particular, we use molecular and periodic density
functional methods in combination with solid state NMR to elucidate the atomic scale behavior
of catalysts. Our work has largely focused on solid acids such as zeolite and sulfated zirconia,
although we have also made significant progress in understanding base catalysis on MgO and
other solid surfaces. Thistalk will focus on our most recent results in a variety of areas.

We have determined that MTG chemistry on zeolite ZSM5 goes by a "carbon pool” mechanism.
After introduction of methanol into the catalyst, there is a brief period in which conversion to
olefinsis negligible. During this time, a stable carbenium ion is formed. Once this carbenium ion
is formed, olefin production proceeds at a much-increased rate. Control experiments indicate that
olefin production ceases when this carbenium ion is no longer present. The identification of the
reaction induction period, and the carbenium species that acts as a "co-catalyst” or "organic
reaction center" within in zeolite is a significant advance in the understanding of the MTG and
MTO mechanisms. We have also been able to use theoretical methods to identify reactive
species and intermediates, determine reaction barriers, and predict reaction selectivity. We have
been able to "trap” the carbenium ion by co-adsorption of small, basic molecules (CO, PH,, and

others) that either are protonated by the carbenium ion or form a complex with it. The stabilities
of the various possible complexes between the carbenium ion and the coadsorbates are all
correctly predicted using theoretical methods and the concepts of zeolite acidity and adsorbate
basicity that we have developed over the last several years. We after also done similar
investigations of MTG and MTO chemistry on silicoaluminophosphates (SaPO's) and will
present those results to compare and contrast the activity of the two catalysts.

Our work on sulfated zirconia has identified many complexes and reaction intermediates formed
when trimethylphosphine (TMP), trimethylphosphineoxide (TMPQO) and pyridine are adsorbed
on the surface. Calculations of the P and "N chemical shifts of the species we have identified
agree very well with experimental NMR measurements.

We used theoretical methods to study the stability of many "alkoxy" species that are believed to
form intermediates in a variety of zeolite reaction mechanisms. Contrary to common opinion,
many of these species are not stable. In fact, it is likely that no alkoxy species involving tertiary
carbon can be formed on zeolites. This result has important implications for our understanding of
many zeolite reactions.
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First-Principles Studies of Chemical Properties of M etal and Oxide Surfaces

Rugian Wu
Department of Physics, California State University, Northridge, CA 91330-8268

Oxide and metal/oxide surfaces have recently received considerable attention because of their
technological importance as photocatalysts, chemical sensors and heterogeneous catalysts [1].
For example, the Au/TiO, system has been shown to exhibit excellent properties as a chemical
gas sensor and catalyst for room-temperature CO oxidation [2]. Highly dispersed Au on
supports such as oxides also exhibits an extraordinary high activity for low-temperature catalytic
combustion and reduction of nitrogen oxides [3-4].

Here | review results of our recent theoretical studies [5-7] for the structural and chemical
properties of various bimetallic, oxide and metal/oxide surfaces, using the highly precise full
potential linearized augmented plane wave (FLAPW) method. Density functional calculations
revealed significant changes in chemical properties of Cu, Ni and Au monolayers on Ta(110),
W(110), Ru(0001), Re(0001), Rh(001), MgO(001) and TiO,(110). As an exceptional case, the
profile of the density of states for the surface Ni atom appears to be very stable with increase of
the thickness for a Ni film grown on Pt(111). The surface core level shifts, overlayer/substrate
binding strength and the chemical reactivities of the surfaces, as found experimentally [8], are
strongly correlated in bimetallic surfaces. Effects of oxygen defects on MgO(001) and TiO,(110)
are also investigated.

With the generalized gradient corrections (GGA) for the density functional formula, the
adsorption energy curves (vs. the distance between CO and substrates) of CO on Au(001),
Au(111), Au-monolayer, MgO(001), TiO(110), Au/MgO(001) and Au/ TiO,(110) are
calculated. We found repulsive potential barriers for the initial CO adsorption on all the metallic
surfaces. By contrast, the adsorption energy of CO decreases monotonically before the
equilibrium position on both MgO(001) and TiO,(110). Despite the weakness of the Au/oxide
interaction, the CO adsorption energy curves of the Au overlayer on MgO(001) and TiO,(110)
differ strongly from those of the Au monolayer and surfaces.
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Theoretical Studies of Surface Reactions on M etals and Electronic M aterials

J. L. Whitten
Department of Chemistry
North Carolina State University
Raleigh, N.C. 27695-8201

This research relates to two broad subject areas: catalytic processes and properties of materials.
The godl is the development and application of theoretical methods that will provide a molecular
level understanding of surface processes, especially energetics, adsorbate structure and reaction
mechanisms. High quality solutions of the electronic structure of adsorbate-surface systems are
obtained in order to alow activation barriers to be calculated and reaction mechanisms to be
determined. An ab initio embedding formalism provides a route to the required accuracy.

Specific topics include ethylene hydrogenation on nickel and platinum and competing pathways
to the reverse reaction that forms ethylene from adsorbed ethyl. Potential energy surfaces and
vibrational properties of surface species are calculated and compared with experiment. Excited
electronic states of CO on platinum are calculated in order to understand the shift in levels
observed experimentally and field effects on the desorption of CO on interaction with STM tips.
Excited states implicated in the direct optical excitation of Si-H bonds on the Si(100)-(2x1)H
surface will be calculated in order to understand photodesorption experiments. Studies of the
photoinduced dissociation of methyl nitrite on Ag(111) are underway. The enhanced activity of
gold particleson TiO, in the catalytic oxidation of CO will be investigated.

New directions are being pursued in the development of theoretical methods. In order to use ab
initio configuration interaction methods to treat extremely large electronic systems, advances in
computational methods and strategies are required. The first involves an extension of previous
embedding work in which large systems are partitioned into coupled regions, each treated self-
consistently. The basic computational strategy has been designed and test calculations have
recently been carried out. The second advance concerns new ways to handle the large amount
of information required in ab initio Cl calculations. In order for Cl to remain a viable method
for treating large electronic systems, it is necessary to depart from standard practices of
calculating and storing integrals over basis functions. Our new approach, under active
development during the past few months, makes use of the fact that smaller electronic
interactions can often be expanded accurately in terms of existing densities required for other
parts of the problem. There are two requirements for the approach to work: first, it is necessary
to identify efficiently the set of densities that will be used to expand the density in question, and,
second, it is necessary to know the accuracy of the resulting expansion. The former gquestion is
addressed by dividing the total spatial region into cells. As large electronic interactions are
calculated, the basis function pairs that have been used are filled into these cells. Then, as
smaller interactions are considered, the new densities are expanded in terms of the content of
these cells. Rigorous electrogtatic error bounds are used to judge the acceptability of the
expansion. We are optimistic that the theoretical advances will greatly extend the applicability of
Cl calculations while maintaining the accuracy of this many-electron method.

13



New Solid State NM R and Diffraction Approachesfor Studying Catalysts: Applicationsto
Zeolitesand Aluminum Oxides

Clare P. Grey, Peter Chupas, Michael Ciraolo, Yi Xiao and Kwang-Hun Lim
SUNY Stony Brook

Jonathon C. Hanson, Brookhaven National Laboratory

We have been using a combination of solid state NMR and in-situ x-ray diffraction (XRD)
methods to determine the nature of some the phases that are present during the catalytic reaction,
and how they change with time as the catalyst is activated and deactivated. Two projects will be
discussed. In the first, work has focussed on the activation of y-alumina for a variety of
hydrofluorocarbon (HFC) and hydrochlorofluorocarbon (HCFC) isomerization and dismutation
reactions’ with gases such HCFC-22 (CF,HCI) and HFC-23 (CF;H). The HCFC-22 dismutation
occurs viathe following reactions:

2CHF,Cl - CHF;, + CHCI,F

2CHCIF - CHCIF, + CHCI,

In situ XRD experiments were performed by heating the sample of y-Al, O3 (in a sapphire
capillary, gas flow cell) under flowing HCFC-22, and monitoring the reaction downstream of the
catalyst bed with g.c.. The catalyst becomes active for dismutation at 300 ¢ C, but no change is
observed by XRD. At 400+ C, aphase growsin that resembles the high temperature phase of a-
AlF;.  On cooling the sample, a phase change occurs and a-AlF; is observed a room
temperature. A second sample activated a 300 « C was subsequently annealed at 400 « C in the
absence of HCFC gas, and the high temperature phase of a-AlF; was observed to nucleate. XRD
structural refinements are currently underway to investigate the phases formed during catalysis.
The results are consistent with ex-situ °F/’Al cross-polarization experiments of the phase
activated at 300 « C, which show that a—AlF; is present, even in the samples activated at lower
temperatures. The cross-polarization experiments allow us to detect small levels of fluorination,
even in the presence of bulk y-Al,Os;. *°F and 2’Al NMR have been used to study the mode of
binding of the HCFC molecule to the y-Al,O3 surface, and its subsequent reactivity.

In parallel studies, we are examining HFC and HCFC reactivity in zeolites. Here we are utilizing
a number of different NMR experiments designed to probe internuclear distances (e.g., *F/*Na
CP NMR?) to determine how the gas molecules bind to the internal surfaces of the zeolites.
Once the mode of binding and, importantly, the effect of gas binding on the structure of the
catalyst have been established by NMR and in some cases by XRD?®, correlations with the
subsequent reactivity (for dehydrochlorination and dehydrofluorination) can be made. Again,
double resonance NMR experiments allow changes in the zeolite structure following reaction to
be determined.

1. L.E. Manzer, V. N. M. Rao, "Catalytic Synthesis of CFC Alternatives' in Adv. in Catalysis,
39, 329 (1993).

2. K.H.Limand C.P.Grey, J.C.S. Chem. Commun, 2257-2258 (1998).

3. C.P.Grey, F.I.Poshni, A.Gualtieri, P.Norby, J.C.Hanson, D.R.Corbin, J. Am. Chem. Soc.,
119, 1981-1989 (1997).
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L essons from Sorption in Molecular Sieves
William Curtis Conner**
Dept. Chemical Engineering
University of Massachusetts
Amherg, MA 01003 USA

Analyses of the adsorption isotherms are a primary method by which the pore structure of porous solids are
characterized. Molecular sieves are developing engineered solids employed as catalysts and sdlective sorbents
throughout the energy industries. The pore dimensions and surface areas of molecular sieves are determined by
combinations of sorption, x-ray for crystalline solids and electron microscopy for the larger pore systems. The
MCM-type solids present an apparently ideal, uniform-pore structure to test sorption behavior in molecular sieves.
Indeed, a mgjority of studies of MCM materials include nitrogen sorption isotherms, surface areas and the pore
dimensions cal culated from them. These anayses are most often cal culated based on the analysis-software present in
the conventiona automated sorption systems.

Figure 1: Typical normalized adsorption isothermsat 77K for two samples of MCM are shown bel ow:
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Figure 2: Examples of the scanning behaviorsare illustrated below for Ar adsorption and desorption at 77K. The
scanning curves are shown as dotted lines within the hysteresis |oops.
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Several aspects of the sorption anal yses have been studied:
What mode (s) should be employed to characterize multilayer sorption prior to pore filling?(1)
What are the differences between the use of N, or Ar @ 77, 87 or 90K for characterization by sorption?
What are the differences in analyzing the adsorption or desorption data to calculate pore dimensions? (2)
When will the "tensile strength” effect obscure the determination of pore dimensions? (3)
What are the "proper" pore dimensions of molecular sieves from X-ray analyses ?

EXPERIMENTAL

This study employed a score of MCM and zeolite samples analyzed by several sorption systems in different
|aboratories, including a unique high resolution sorption system(4). While the sorption data are similar, the anayses
are not. The suggested modifications to the anayses of sorption data provide a more redistic characterization as
well asthey will result in firmer bases for the ongoing theoretical modeling of sorption in mesoporous solids.

CONCLUSIONS

We find that BJH analyses provides a reasonable approach to analyze the isotherms for the MCM family of
solids. However, some modifications are needed. Specifically, the value of the Hal sey exponent varies from 1/1.2 to
1/2, both of which are significantly different than the 1/3, which is employed by automatic adsorption analyses
systems. Both Ar and N2 can be employed for sorption at 77K as seen above while Ar at 87K aso yields similar
data. Comparison of Ar isotherms at 77, 87 and 90K demonstrate that the adsorption of the desorption branch of the
isotherm often give fallacious results. This is due to the "tensil strength" artefact which has been known for
years(3).. The easiest way to detect this "tensi| strength” artefact is aso to analyze the adsorption isotherm. It should
be apparent that any feature found in desorption that is not evident in adsorption should be questioned. Indeed, we
conclude that analyses of the adsorption branch of the isotherms yield consistently more redigtic anaysis than the
desorption data. This tensil strength artefact is evident for samples with pores from ~20A to ~40A in radius. For
Smaller poresthereisno hysteresis. For larger pores

We studied why hysteresis is most often evident for sorption in the larger pore MCM solids (greater than ~20A
in diameter) but not for the smaller pore samples. If the pores were indeed cylindrical and smooth, conventional
anayses suggest that there should be no hysteresis. Our studies of hysteresis behaviors employed scanning (changing
from adsorption to desorption or back) within the hysteresis loops to see if the current theories for hysteresis were
consistent with the detailed data available from scanning studies. We found three types of scanning behavior. It was
apparent that a single theory cannot explain the different types of behaviors that are evident in the data. DFT and
statistical mechanics theories (5,6) predict ajump in the volume adsorbed between adsorption and desorption branches
of the isotherms and we find no evidence for this in any samples. Network effects and modds (a three dimensional
network of pores) could be formulated to reflect much of the behavior, but these would contrast dramatically with the
models presented to represent MCM-41 (cylindrical non-intersecting pores).

Finally, our studies of transport in zeolites suggested that the pore dimensions based on X-ray data present
throughout the literature were incorrect. The dimensions of zeolite pores are calculated by combining the atomic
positions obtained from experimental crystallographic studies with assumed values for the radii of the framework
atoms. Quantum mechanics suggests that the atomic radii can be determined using a procedure called the "Norman
criterion”(7) We have carried out calculations on cluster models of silica rings, which indicate that Norman radii for
silicates are ~ 1.2 A for silicon, and ~ 1.0 A for oxygen atoms. The net effect, on average, is to increase the apparent
pore diameter by twice the difference between the O ionic (1.35A) and Norman radii, or ~ 0.7 A.
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M ethanol to Olefin Chemistry on Microporous Solid Acids

Prof. James F. Haw
Loker Hydrocarbon Research Institute and Department of Chemistry,
University of Southern California, Los Angeles, CA

Flaring natural gas has become undesirable due to greenhouse warming, and one of the best
aternatives is conversion to methanol near the well head. The US petrochemical industry hopes
to use this increased methanol capacity in processes for the conversion of methanol to olefins.
Natural gas then, rather than petroleum, would become the ultimate feedstock for the polyolefin
industry. Methanol-to-olefin (MTO) chemistry is catalyzed using microporous solid acids,
especially HZSM-5 and HSAPO-34. MTO and the closely related methanol-to-gasoline reaction
have attracted a tremendous amount of fundamental study; at least 20 distinct mechanisms have
been proposed, and it is fair to say that MTO/MTG is the most widely studied problem in
heterogeneous catalysis.

Recently, we have made a fundamental advance in MTO/MTG mechanism studies. Our work
reveals multiple roles for cyclopentenyl carbenium ions in the synthesis of hydrocarbons from
methanol and dimethylether. The 1, 3-dimethylcyclopentenyl carbenium ion 1 is a major
species formed in zeolite HZSM-5 by the conversion of methanol, dimethylether, ethylene or
propene. Insitu NMR experiments reveal that the

formation of 1 in the catalyst bed is correlated with the end of the kinetic induction period for
the synthesis of hydrocarbons from methanol or dimethylether. *3C labels from cation 1 are
incorporated in the olefins formed from methanol on a working catalyst. Theoretical studies
show that cyclic dienes formed by deprotonation of 1 are also stable on the catalyst at very
slightly higher energies and suggest pathways by which these dienes are methylated to species
that eliminate ethylene or propene. Our work also shows that cation 1 is an intermediate in the
synthesis of toluene, thus resolving an important mechanistic feature of MTG chemistry. In the
case of HSAPO-34, our experimental results suggest that olefins are synthesized either by the
same route or by a related mechanism involving methylaromatic compounds trapped in the cages
of the catalyst.

Given the importance of cation 1 in MTO chemistry, we set out to better understand its
chemistry. In particular, we studied the acid-base reactions of 1 with other co-adsorbed species
that could either compete with 1 for the proton or react with it as nucleophiles. For seven bases
with proton affinities (PA) between 142 and 212.1 kcal/mol, there was no reaction with the
cation. Co-adsorption of smaller amounts of dimethylacetamide (PA = 217 kcal/mol) also
produced no reaction, but with higher loadings, a proton was transferred from the carbenium ion
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to the base to leave the cyclic diene in the zeolite as a neutral olefin. Deprotonation was the
primary reaction with co-adsorption of either pyridine (PA = 222 kcal/mol) or
trimethylphosphine (PA = 229.2 kcal/mol). The experimental deprotonation enthalpy for the
cation, ca. 217 kcal/mol in the zeolite, is almost idetnical to the theoretical gas phase value. Co-
adsorption of either NH; (PA = 204.0 kcal/mol) or PH; (PA = 188 kcal/mol) does not
deprotonate the carbenium ion; but these species do react as nucleophiles to form onium ion
derivatives of the cation. Analogous onium complexes with pyridine or trimethylphosphine
formed in lower yields due to geric congtraints in the zeolite channels. Neither CO nor H,O
reacted with the cation. Density functional theory calculations of the enthalpies of the three
possible states of the cation and each base yield predictions in agreement with the experimentally
observed acid-base chemistry.
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In-situ UV Raman Spectroscopy in a Fluidized Bed

Peter C. Stair
Department of Chemistry and Center for Catalysis and Surface Science
Northwestern University

The characterization of heterogeneous catalysts and catalytic chemistry under reaction conditions
can make a significant contribution to understanding catalytic processes used for fuels
production and emission treatment. Raman spectroscopy is a particularly powerful tool for in-
situ characterization because it provides information about both the catalyst and the catalytic
chemistry in a single measurement. Using UV excitation, the fluorescence interference which
often masks the Raman spectrum from catalyst materials can be avoided. However, the adsorbed
hydrocarbons that are often of interest in catalysis are very susceptible to decomposition by the
ultraviolet laser beam used in these measurements. A simple fluidized bed catalytic reactor was
recently constructed in our laboratory to perform in-situ Raman spectroscopy measurements.
This reactor makes it possible to create realistic reaction conditions while simultaneously
minimizing sample damage from laser-induced heating and photochemistry. This reactor has
been used to study 1) the adsorption of likely coke precursors, naphthalene and benzene, in a
USY zeolite, 2) the formation of coke in H-ZSM5 during the methanol-to-gasoline reaction, and
3) the temperature dependent nature of chromia/alumina catalysts for alkane dehydrogenation.
The results of these studies can be summarized as follows.

1) Naphthalene and benzene adsorb molecularly into the USY zeolite. Using a stationary or
spinning pellet sample, the ultraviolet laser beam produces complete or nearly complete
decomposition of these molecules to amorphous carbon. Using the fluidized bed technique,
the Raman spectrum is characteristic of the undecomposed molecular species.

2) Raman spectra measured for H-ZSM5 under conditions of the methanol-to-gasoline reaction
are consistent with the formation of conjugated olefinic species as a precursor to aromatic
coke formation. Depending on the temperature the conjugated olefinic species and aromatic
coke make coexist on the catalyst or the conjugated olefins may convert into aromatic coke.

3) The relative proportion of monomer, dimer, and crystalline chromia species supported on
alumina changes reversibly with catalyst temperature. A new, as yet unidentified, species is
also formed reversibly with increasing temperature. These results point out the importance of
performing in-situ catalyst characterization.
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Progress In Applications Of High Resolution Solid State NMR To Catalysis

M. Pruski
Ames Laboratory, 230 Spedding Hall, Ames, |A 50011

The long-term goal of our program at Ames Laboratory is to obtain a fundamental understanding
of relevant catalytic systems and to use this knowledge to develop specific catalysts for
important reactions. Currently, the research concerns oxidation reactions, oxygen-atom transfer
and hydrogenation reactions. Solid state nuclear magnetic resonance (NMR) is among the
primary tools used for these studies.

Investigation of materials and chemical reactions involved in heterogeneous catalysis and surface
science can be greatly enhanced by the use of newly developed solid state NMR methods. We
will present several new techniques that modernize the way in which solid state NMR is used to
study the structure of catalytic materials or to examine the gas-phase reactions over solid
catalysts. Some of these techniques employ multiple-quantum magic angle spinning (MQMAYS)
to remove second-order quadrupolar broadening from the spectra of half-integer quadrupolar
nuclei. New approaches to MQMAS will be shown that provide enhanced sensitivity and allow
for the observation of species that were previously ‘invisible’. These approaches include
improved schemes for excitation, detection, data processing and data simulation. The application
of these methods to catalysts will enable observation of nuclei with low abundance and low
magnetogyric ratio, such as *’O. A number of other two- and three-dimensional experiments will
be reviewed that are used in the structural studies of catalytic materials and host-guest
interactions in catalysts. For example, they provide direct inference of the connectivities between
spin-1/2 (e.g. *H, *°F, 3'P) and quadrupolar (e.g. 'B, 'O, #Na, #’Al) nuclei in solids under high
resolution conditions, including a determination of internuclear distances.

The analytical capabilities of these techniques are utilized in several important areas of the
Hetero-Atom Catalysis program at Ames Laboratory. The applications include (i) study of the
structure and function of both the tethered complex and supported metal components of the
TCSM cataysts for enantioselective hydrogenation of arenes, (ii) study of sol-gel synthesis of
vanadium oxide from peroxovanadates by using an innovative combination of solid state NMR
of ®V and in situ laser Raman spectroscopy and (iii) structural study of new types of micro- and
mesoporous catalytic materials.
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M aterials Chemistry, Neutron Diffraction, Spectroscopy and Surface Science: An
Overview

John Z. Larese
Chemistry Department
Brookhaven National Laboratory
Upton, NY 11973

The goal of this program is to develop and advance methods for the synthesis, characterization
and manipulation of novel materials. A multi-disciplinary approach based mainly on neutron and
X-ray scattering and thermodynamic methods is used to advance the knowledge base of unique
and complex materials, especially as it relates to the adsorption of molecular films either on the
external surface or contained within the cavity of a solid. We strive to develop a quantitative,
molecular level description of molecule-molecule and molecule-surface interactions by
collecting detailed information regarding the structure, dynamics and chemical activity. Neutron
and x-ray diffraction and high-resolution inelastic neutron scattering methods are used to
simultaneously monitor changes in the structure and dynamics of phase transformations and
chemical reactions under realistic conditions. We are currently exploring how variations in size,
chemical composition and morphology on a nanometer length scale effects the physical
properties and reaction rates of these substances. We aim to develop reliable methods to tailor-
make materials with specific chemical or adsorption properties.

We will present a summary view of the relevant range of scientific problems currently being

addressed using neutrons. A brief description of the instruments that exist a various neutron
facilities will also be included.
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Fundamental Studies of the Formation of M esoporous Synthetic Clays

K. A. Carrado
Chemistry Division
Argonne National Laboratory

This program addresses the national need for understanding the formation of mesoporous
catalysts, which can convert the large hydrocarbons in heavy petroleum crude oils to usable
transportation fuels, in order to tune the mechanism more effectively. In our synthetic strategy,
metal oxide gels are hydrothermally treated in the presence of large organic or organometallic
templating molecules to make potential catalysts based on layered silicate or other porous oxide
framework sructures. The major objectives of this program are (1) to prepare in a predictable
fashion layered inorganic frameworks that possess a narrow distribution of large pore sizes in the
mesoporous range (2-50 nm) for catalytic applications, (2) to establish a better understanding of
the gel chemistry involved, and (3) to obtain chemical and structural information concerning the
surface chemistry of the resulting catalysts.

Recently we have probed the stability of the new class of mesoporous catalysts, dubbed MSCs
for "mesoporous synthetic clays', which have been in development in our labs over the past two
years'. MSCs are made by systematically employing a series of polymer templates that vary in
such properties as molecular weight. The objective is to provide heterogeneous catalysts with
tunable pore sizes over the range of 20-500 A in diameter which encompasses the mesoporous
region. The tests include long-term aging behavior, hydrothermal stability, and agueous
immersion stability. While the long-range mesoporous structure does not hold up well overall
with time, the MSCs perform well in the latter two tests’.

The synthetic mechanisms for clay formation are not well understood, and the addition of
organic or organometallic species to a reactive sol-gel complicates the situation further. Solid
state *C NMR experiments indicate that there are two separate processes in the crystallization of
hectorite, with an obvious break at 10-14 hours®. This in agreement with previous atomic force
microscopy images that suggested Ostwald ripening during the early stages, followed by simple
aggregation at time progresses. Solid state Si NMR was also employed which, together with
the **C NMR experiments, has provided the best sensitivity yet attained; evidence of clay was
seen by both techniques in as little as 30 minutes. In situ and ex situ small angle x-ray scattering
studies of crystallizing hectorite clay also confirm that, a the length scales accessible by this
technique, the major structural events occur within the first few hours of crystallization®.

1. “Synthetic Organo- and Polymer-Clays. Preparation, Characterization, and Materials
Applications’, K. A. Carrado, Applied Clay Science 2000, in press (invited review article).

2. “Mesoporous Synthetic Clays: Synthesis, Characterization, and Use as HDS Catalyst
Supports’, K. A. Carrado, L. Xu, C. L. Marshall, D. Weli, S. Sefert, C. A. A. Bloomquist, in
Nanoporous Materials 11, A. Sayari, M. Jaroniec, T. J. Pinnavaia, Eds., Elsevier: Amsterdam,
2000, in press.

3. “The Crystallization of Hectorite Clay as Monitored by Small Angle X-ray Scattering and
NMR”, K. A. Carrado, L. Xu, S. Sefert, D. Gregory, K. Song, R. E. Botto, Am. Chem. Soc.
— Prepr. Div. Fuel Chem., 2000, 45, 320-324 (full manuscript in preparation).
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Carbogenic Molecular Sievesfor Reaction and Separation by Design:
A Novel Approach to Shape Selective Super Base and Catalytic Membranes

Henry C. Foley
Department of Chemical Engineering
University of Delaware
Newark, DE 19716

The research over the last two years has focussed upon three aspects of nanoporous carbons
(NPC) or carbon molecular sieves—structural characterization and modeling, base catalysis with
Cs/NPC and the synthesis of supported nanoporous carbon membranes (SNPCM). The structural
analyses (neutron diffraction and HRTEM) and modeling make clear that NPC is logically
considered to be chaotic but not random solid consisting of aromatic nanodomains. The bonding
limitations imposed by an all-sp? give rise to considerable internal curvature and, hence, to voids
with dimensions that are on the order of 0.5 nm. This is in good agreement measured pore sizes
and the transport properties of the materials. Inclusion by chemical vapor deposition of metal
onto NPC at low loading (~ 3 wt%) leads to a solid solution of Cs( | ) NPC"”", based upon ESR
and magnetic susceptibility measurements. As loading levels rise (= 15 wt%) the unpaired spins
drop in number, indicating that spin pairing takes place within these same domains to give CH( |
) NPC . The materials prepared with metal loading in this Cs concentration vicinity are
catalysts for butene isomerization to produce cis-1-butene (75:1, - 25°C), the side chain
alkylation of benzene with propene at 1 am pressure, the coupling of benzene to produce
biphenyl, the coupling of acetone to isophorone, and non-oxidative attack of methane. At higher
levels of cesium (circa 40wt%), we find that the underlying nanoporous carbon is rearranged
spontaneously in an unprecedented reaction converting so-called non-graphitizing carbon into
nanopolyhedra, "onions', "crop circles' and tubes. This reaction can take place at temperatures
as low as 50°C, but increases in rate at 350 and 500°C. By applying the NPC precursor
(polyfurfuryl alcohol, PFA) to porous stainless steel disks and tubes, supported films of NPC
have been created with excellent thermal and mechanical stability as well molecular sieving
properties. The SNPCM created by either spray coating or by ultrasonic deposition have been
thoroughly characterized and tested for small molecule transport (O,, N,, He, Hj, light
hydrocarbons, cyclohexane, benzene, SFs...) Experimental results have led to analyses of the
permeation process in terms of adsorption and diffusion. A technique has been developed to
assess membrane thickness nondestructively via these measurements and transition state theory
has been applied to predict diffusivities semi-empirically.
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Preparation of Highly Ordered Vanadium Substituted M CM-41.:
Stability, Acidic and Catalytic Properties

Sangyun Limand Gary L. Haller
Department of Chemical Engineering
Y ale University, 9 Hillhouse Avenue
New Haven, Connecticut 06520-8286

Vanadium substituted mesoporous molecular sieves (MCM-41) were prepared and the effects of
water amount, anti-foaming agent addition, pH adjustment, and Si/surfactant mole ratio were
investigated. The hydrothermal and mechanical stability were tested for the pH adjusted sample
(Si/surf. = 3.67 and 7.34). Catalysts were characterized by XRD, N, physisorption, |CP and 51V
NMR. The acidic properties of synthesized V-MCM-41 were also examined by in-situ FTIR and
TPD after pyridine adsorption. The addition of water into the synthesis solution did not affect the
physical properties of the resulting samples. An anti-foaming agent was very effective in
improving the reproducibility of sample structure. The amount of vanadium substitution into the
silica framework was increased with increasing water amount and surfactant chain length. All of
the incorporated vanadium was tetrahedrally coordinated in the silica framework. When the pH
of V-MCM-41 was adjusted to 11 (Si/surf. = 7.34), the hydrothermal and mechanical stability
were enhanced. The vanadium substituted MCM-41 formed Lewis and Bronsted acid sites.
Bronsted acid sites increased with increasing vanadium content, but the amount of Lewis acid
sites was constant for all samples. It is hypothesized that there is formed a constant and saturated
amount of isolated tetrahedral coordination of vanadium, and they make weak Lewis acid sites.
Bronsted acid sites can be made by the combination of vanadium with hydroxyl groups of free
silanol and/or hydroxyl groups produced by water dissociation when the sample was pretreated
a high temperature. These V-MCM-41 catalysts are active and selective for the gas phase
oxidation of methanol to formaldehyde.
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Porous M anganese Oxides: Preparation, Characterization, And Applications

Steven L. Suib
Department of Chemistry, University of Connecticut

Our research involves fundamental chemical studies of energy production and storage. We focus on
heterogeneous catalysis and generation of advanced materials. This research is related to national goals of
energy efficiency, environmental protection, and conservation. Specific goals of our project are to prepare
novel porous helices, lines and patterns of mixed valent manganese oxides such as octahedral molecular
sieve (OMS) and octahedral layered (OL) materials, pillared octahedral layered (POL) materials, and novel
3-D systems; to characterize these systems to determine structural, compasitional, thermal, eectronic,
surface, acid-base, and optical properties; and to optimize their catalytic properties in selective oxidations,
and condensation reactions. Synthesis of these different materials is done with a variety of methods
including sol-gel, hydrothermal, and phase transfer. A specific thrust has been to control particle size via
the phase transfer route in order to prepare colloidal manganese oxide precursors.* Such precursors can be
used to prepare novel wires, helices, lines, and patterns of porous manganese oxides. Control of the acidity
of these layered precursor species allows intercalation of cationic oligomers between the layers to produce
porous pillared systems.? Some unique characterization of these systems include small angle neutron
scattering of sols and gelsin order to study early stages of helix and pattern formation in collaboration with
researchers at Argonne National laboratories;* and collaborative calorimetry studies of porous manganese
oxides with researchers at UC Davis.®> Recent calorimetry studies of OMS and OL systems have shown
that the layered OL-1 phase is most stable and that linear relationships exist between AHfoiges and the
hydration number of the charge balancing cations. Both acidic and basic sites have been shown to exist in
OMS and OL systems and can be controlled by synthesis conditions. Such control of acidity is necessary
in many of the catalytic reactions that are being studied in order to obtain desirable products with high
yields. Optimization of cyclohexanol and cyclohexanone yields from cyclohexane over a variety of OMS,
OL, and POL materials is being done. Shape selective redox oxidations of cyclohexane and larger
substrates are carried out in order to study effects of pore size*® Base catalyzed condensations of
nitrobenzene and aniline are being studied with al of the above-mentioned catalysts. Many of the catalysts
developed at UCONN are being further tested at CK Witco for a variety of condensation reactions. Battery
applications of lithium containing OMS, OL, and POL materials for use in secondary rechargeable
nonagueous batteries are in progress. Conductivity applications of helices, lines, and patterns are being
studied in order to develop selective sensors.

1. Brock, S. L.; Sanabria, M.; Suib, S. L.; Urban, Thiyagarajan, Potter, D. |. Particle Size Control and
Self Assembly Processes in Nove Colloids of Nanocrystalline Manganese Oxide, J. Phys. Chem,,
1999, B, 103, 7416-7428.

2. Ma, Y.; Suib, S. L.; Ressler, T.; Wong, J.; Lovallo, M.; Tsapatsis, M. Synthesis of Porous CrO, Pillared
Octahedral Layered Manganese Oxide Materials, Chem. Mater., 1999, 11, 3545-3554.

3. Fritsch, S,; Post, J. E.; Suib, S. L.; Navrotsky, A. Thermochemistry of Framework and Layer Manganese
Dioxide Related Phases, Chem. Mater., 1998, 10, 474-479.

4, Wang, J. Y.; Xia, G. G,; Yin, Y. G,; Suib, S. L.; O’'Young, C. L. Cyclohexane Functionalization
Catalyzed by Octahedral Molecular Sieve (OMS-1) Materials, J. Catal., 1998, 176, 275-284.

5. Wang, J. Y.; Xia, G. G.; Duan, N.; Ma, Y.; Suib, S. L., Oxidation of Alkanes Catalyzed by Different
Octahedral Molecular Sieves, ACS Symposium Series 738, C. Song, J. M. Garces, Y. Sugi, Eds., ACS,
Washington, 2000, 80-93.
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Combined Homogeneous and Heter ogeneous Hydrogenation Catalysts. Rhodium
Complexes Tethered on Silica-Supported Palladium Catalysts

Robert J. Angelici
Ames Laboratory and Department of Chemistry
lowa State University, Ames, |A 50011

The godl of this project is to develop a conceptually new type of heterogeneous catalyst that has
high activity and offers the possibility of catalyzing new industrially useful reactions. This
catalyst [1] combines a silica-supported metal, e.g., Pd-SiO,, with a homogeneous transition
metal complex that is tethered to the silica surface. It was expected that such a TCSM
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Conceptual illustration of a catalyst consisting of a tethered complex on a supported metal
(TCSM)

(tethered complex on a supported metal) catalyst would function in hydrogenation reactions by
activating H, on the supported metal, e.g., Pd-SIO,, to generate hydrogen that spills over onto the
SiO,. This spillover hydrogen would then be available for transfer to an unsaturated substrate
that is activated by binding to the tethered transition metal complex.

In order to test the viability of this catalyst concept, we prepared a series of TCSM catalysts by
tethering to Pd-SiO, the following square planar Rh complexes.
RhCI(CO),[EtoN(CH>)3Si(OMe)s] (Rh-NEt,), RhCI(COD)[H.NCH,CH,NH(CH,)3Si(OMe)3]
(Rh(COD)(N-N)), RhCI(CO)[Ph,P(CH,)3Si(OEt)3],» (Rh-P),
Rhy[-(CH2)3Si(OMe)3]2(CO)4(Rh-S), RhCI(CO)[ C=N(CH,)3Si(OEt)3]. (Rh-CNRy) and
RhCI[C=N(CH,)3Si(OEt)s]3 (Rh-CNRg3). By diffuse reflectance IR spectroscopy, it was
established that the Rh-CNR; and Rh-CNR3; complexes retained their square [planar structures
after tethering to the surface.

The activities of these TCSM catalysts were examined in the hydrogenation of toluene to
methylcyclohexane under the mild conditions of 40°C and 1 atm of H, pressure [1-4]. Among
the many comparison studies performed were those designed to determine the importance of
both the tethered complex and the supported metal. All of the TCSM cataysts show enhanced
activity as compared with those of just the supported metal (Pd-SiO,) or the complex tethered on
just SIO,. In some cases, the activity is more than 10 times faster.
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The durabilities of the TCSM catalysts vary depending on the tethered complex. Among the
durable catalysts is Rh-CNR3/PdSiO, which has the same activity in the third cycle of toluene
hydrogenation as it had in the first. Over these 3 cycles during 82.5 h of use, the total turnover
was 21,000 mol Ho/mol Rh.

Although it has not been established whether these arene hydrogenation reactions proceed by a
hydrogen spillover mechanism or by some other process, it is clear that these TCSM catalysts are
more active than either the supported metal or the tethered complex separately. We have also
observed [5] that atethered Rh-bipyridyl complex on Pd-SiO, catalyzes the hydrodefluorination
of fluorobenzenes. Thus, the incorporation of a wide range of tethered homogeneous catalysts
and supported metals might permit the design of TCSM catalysts for a variety of reactions.

References:

[1] Gao, H.; Angelici, R. J. J. Am. Chem. Soc. 1997, 119, 6937.

[2] Gao, H.; Angelici, R. J. Organometallics 1999, 18, 989.

[3] Gao, H.; Angelici, R. J. New J. Chem. 1999, 23, 633.

[4] Gao, H.; Angelici, R. J. J. Mol. Cat. A: Chem. 1999, 149, 63.

[5] Yang, H.; Gao, H.; Angelici, R. J. Organometallics 1999, 18, 2285.
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M olecular Design And Synthesis Of Heterogeneous Catalysts

T. Don Tilley, Martyn Coles, Joshua Kriesel, Ron Rulkens, and Jonathan Male

Department of Chemistry
University of California, Berkeley
Berkeley, California 94720-1460

and

Chemical Sciences Division
Lawrence Berkeley National Laboratory
1 Cyclotron Road
Berkeley, California 94720

We have developed a non-aqueous, molecular precursor approach to the preparation of mixed-
element oxides, which appears to allow a greater level of molecular-level control over the
nanostructure of the resulting materials. This approach, which we refer to as the thermolytic
molecular precursor method, has been used to obtain highly dispersed mixed-element oxide
materials. Recently, we have used this method to prepare a series of VOx/ZrO, catalysts for the
oxydehydrogenation of propane, which are superior to those obtained by conventional means in
several respects. The synthetic method involves the cothermolysis of OV(OtBu)3 with varying
amounts of Zr(OCMe,Et), in n-octane, and subsequent calcination. The materials obtained have

high surface areas, and were thoroughly characterized by powder X-ray diffraction, Raman, DR-
UV-vis, X-ray absorption, and NMR spectroscopies. Studies of the crystallization behavior of
these materials indicate that an initially formed amorphous and highly dispersed phase undergoes
phase separation upon heating, with nucleation and growth of zirconia nanocrystals. As this
occurs, the vanadia species migrate to the surface of the zirconia particles, and remain well
dispersed. Depending on the vanadium loading, it is possible to observe single-site VOx,
oligomeric VOyx, or ZrV,0,. The vanadia-zirconia materials derived from alkoxides have
improved dispersions of the VOyx species compared to analogous samples prepared by more

traditional methods. The new materials demonstrated cataytic activities and intrinsic
selectivities as heterogeneous catalysts for propane oxidative dehydrogenation that were
markedly improved over materials prepared by wet impregnation. It has also been found that
certain molecular precursors are useful for introduction of surface-attached catalytic species.
Thus, the use of Ti[OSi(OtBu)3]4 for introduction of titanium species on silica yielded catalysts
that were highly active for the epoxidation of cyclohexene.
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Effects Of Supports On Metal Complexes And Clusters:
Structure And Catalysis

B. C. Gates
Department of Chemical Engineering and Materials Science
University of California
Davis, CA 95616

We report effects of supports on the structure, reactivity, and catalytic properties of structurally well-
defined metal complexes and clusters. Understanding of the metal—support bonding and structure has
emerged most clearly from investigations of supported mononuclear metal complexes, Re(CO), and
Rh(CO),, on MgO powder and dealuminated zeolite Y, respectively. Bonding of the former to
dehydroxylated and to hydroxylated MgO at various sites was considered; IR and EXAFS data agree well
with geometric and vibrational parameters calculated theoretically at the density functional level. The
Re-Ogyrface bond energy, 3.5 eV, is markedly higher than that of the Re-CO bond, identifying the
surface as a strong polydentate ligand. The rhenium carbonyls are bonded most strongly at corner sites.

Similarly, IR, EXAFS, and density functional theory indicate that Rh(CO), bonds at a four-ring of the
faujasite framework; the Rh center is bonded to two O centers near an Al center with a Rh—O distance of
2.2 A. Only by using theory in combination with the experiment was it possible to discriminate among
the candidate structural models that are consistent with experiment. The results help to clarify the
strengths and limitations of EXAFS spectroscopy for characterization of surface structures.

The interactions of metal clusters, Ir, with zeolite X and of Os;, Os;, and OssC with various MgO(001)
sites (including defects), were also investigated. Theory indicates metal—surface oxygen distances
matching EXAFS values but metal—metal distances in the clusters that are about 0.2 A less than the
EXAFS values, consistent with the suggestion that the clusters were not ligand free (i.e, that their
decarbonylation from the parent [Ir,CO),,] or [OsSC(CO)M]Z', respectively, did not proceed by simple
removal of CO ligands).

The theoretical results show that the support does not induce significant charge transfer in the supported
Ir, clusters; rather, it causes a moderate charge rearrangement in the bonding region between the metal
and O centers, accompanied by a small polarization of the electron density. Thus, we suggest that small
noble metal clusters on zeolite and metal oxide supports are nearly zerovalent and that some effects of
supportsin catalysis may be explained by the polarization.

1. "A Surface Site as Polydentate Ligand of a Metal Complex: Density Functional Studies of Rhenium
Subcarbonyls Supported on Magnesium Oxide," A. Hu, K. M. Neyman, M. Staufer, T. Belling, B. C.
Gates, and N. Rosch, J. Am. Chem. Soc., 121, 4522 (1999).

2. "Faujasite-Supported Ir4 Clusters: a Density Functional Model Study of Metal-Zeolite
Interactions,” A. M. Ferrari, K. M. Neyman, M. Mayer, M. Staufer, B. C. Gates, and N. Rosch, J.
Phys. Chem. B, 103, 5311 (1999).
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Cluster 1on Beam Deposition for Catalysis Studies

Scott L. Anderson
Department of Chemistry
University of Utah
315 S. 1400 E. Rm 2020
Salt Lake City, UT 84112

Supported catalysts are important in many areas of interest to the Department of Energy,
including combustion, emission control, fuel cells, and chemical synthesis and conversion. A
large body of work has explored the effects of particle size on catalytic behavior, and significant
size effects on activity, product branching, and catalyst lifetimes have been reported, both for
real and planar model catalysts. These experiments typically have a distribution of particle sizes
present, and for small particle sizes the distribution may obscure interesting behavior.

The focus of our research program is on studying planar model catalysts containing size-selected
clusters, prepared by deposition of pre-formed, mass-selected cluster ions. We have developed a
phase-space-compressed ion deposition beam line that is capable of depositing at energies down
to ~1 eV -- low enough to avoid cluster dispersal for most systems. Deposition is also possible
at up to keV energies, allowing production of embedded cluster catalysts. Clusters are produced
in a 100 Hz laser vaporization source. The beamline is coupled to a UHV system with STM,
XPS, TPD/TPR, and EELS capabilities, along with facilities for sample preparation. Initial
experiments on deposition of copper and gold clusters will be presented.
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Spatially Resolved Chemistry One by One

Wilson Ho
Laboratory of Atomic and Solid State Physics and Cornell Center for Materials Research
Cornell University, Ithaca, NY 14853-2501

Chemigtry at solid surfaces is ubiquitous in nature and occurs in many technological processes.
In our constant drive to optimize energy usage and to minimize the detrimental effects on the
environment, a firm scientific understanding of surface chemistry is necessary. The degradation
of materials, such as corrosion, and the inefficient use of energy, as in frictional dissipation,
continue to tax our energy demands. Synthesis of novel materials and fabrication of devices
consume energy and can benefit from a rational approach. The recently announced
nanotechnology national initiative reaffirms the need to understand matter and its interactions
with the surrounding at the atomic and molecular level. In effect, individual atoms and
molecules are the basic building blocks of all materials and the fundamental constituents of all
energy processes. The ability to control chemistry at the level of individual atoms and molecules
underpins the way they interact and use the available energy to affect chemical transformation.

The scanning tunneling microscope (STM) is a tool which not only allows us literally to see
individual atoms and molecules but also to manipulate and spectroscopically characterize them.
It is an all-purpose tool and is in effect a nanoreactor carrying out reactions with atoms and
molecules in the nanocavity of the tunnel junction. Since the coupling of electrons to the nuclear
motions provides the driving force for chemical transformation, the STM with its tunneling
electrons can be tuned to induce atomic motions. We have built variable, low temperature (8 K —
350 K) STMsiin ultrahigh vacuum to probe chemistry at the spatial limit.

It is a well known fact that STM images are difficult to interpret. We have demonstrated that
chemical analysis with the STM is possible with inelastic electron tunneling spectroscopy (IETS)
and have reached the limit of sensitivity of vibrational spectroscopy, that of a single bond. The
ability to measure spatially resolved vibrational modes in single molecules makes it possible to
directly determine and measure quantitatively a number of fundamentally important chemical
processes. These include intramolecular energy transfer, energy dissipation resulting from bond
breaking, chemical identification and structural determination of reactants and products involved
in the making of individual chemical bonds and intermediates in multistep reactions, and the
elucidation of the coupling of electrons to nuclear motions via individual molecular orbitals. By
controlling the energy and flux of tunneling electrons and the inherent sub-Angstrém spatial
resolution, the STM nanoreactor gives rise to energetically and spatially resolved chemistry on
single molecules one by one. It is possible to identify and inject electrons into specific molecular
orbitals which are involved in chemical transformations. Through the tunneling electrons, the
ability to control energy with sub-Angstrém spatial resolution offers a new window for viewing
and understanding atoms and molecules and their transformations in nature.
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Cluster Reactions: An Approach to Elucidating the Physical Basis of Heterogeneous
Catalysis

A. W. Castleman, Jr.
Departments of Chemistry and Physics
Penn State University
University Park, PA 16802

The overall objective of our program is to obtain a more complete understanding of the physical basis for
catalysis with specific focus on elucidating the role of certain properties such as oxidation state, degree of
aggregation, stoichiometry, and charged state, parameters which greatly influence catalytic behavior. It is
expected that the knowledge gained will ultimately contribute to attaining the ability to design catalysts
with a high degree of selectivity, and to the development of ones that will yield the facile formation of
desired products. Major emphasis is being given to an investigation of oxides, carbides, and nitrides of
various transition metals and in some cases certain aloys, with attention to unraveling the reaction
mechanisms of several classes of small molecules which comprise important constituents of the effluent
of combustion processes, and whose rel eases to the atmosphere are environmentally undesirable. Clusters
provide valuable models of various heterogeneous surfaces, and in some cases are even the substrate
media employed in the formation of catalytic materials. Moreover, they can be readily formed in the gas
phase and studied in an unsupported state. Hence, it is possible to unravel the influence of the various
physical parameters referred to above without interfering effects from a support.

A comprehensive investigation of the reactivity of anion and cation nickel oxide clusters with NO,, NO,
and N,O has been completed. Several different reaction mechanisms are found to occur, with
considerable differences noted between anions and cations. Structural information on the clusters has
been derived from collision induced dissociation in conjunction with theoretical calculations, and insights
have been gained into the processes responsible for O atoms, O,, and metal oxide loss.

As a continuation of our studies of Met-Cars discovered in our laboratory , we have measured the
ionization potentials of those to which various ligands are bound. Theoretical investigations have led to
the suggestion that, depending on the nature of the bound ligands, there is a potential for a shift in the
electron density that can be expected to influence the reactive character of the ligands, and hence enhance
the ability of Met-Cars to function as catalytic materials. Findings for methane adsorption, and its
influence on ionization potentials will be given. Growing interest in the prospects of producing new
catalysts from cluster assembled materials comprised of oxides, carbides, and nitrides of transition metals
has prompted us to investigate the mechanisms of dehydrogenation, formation and growth of various
cluster systems involving these materials.

In another related phase of our work, we have studied alloy clusters, on obtaining a basic understanding
of the nature of chemical reactions occurring in the presence of clusters having varying valance electrons.
Recent findings of the formation of aluminum-nitrogen numbers of species through chemical reactions
display the manner in which available frontier orbitals influence reactivity. Particularly interesting is
evidence for composite Jellium stabilized clusters in the aluminum-carbon and nitride systems, which
we will discuss. The observed resistance to the attack of these by oxygen is an indication of the
importance of eectronic structure and thus provides an avenue to identify species that might be suitable
candidates for producing new cluster assembled nanoscale materials.
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Partial Oxidation of Benzene and Higher Aromaticswith N,O over MCM-22
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Phenol is manufactured primarily via the multi-step cumene oxidation process. This process
needs to be run at low conversions to keep the selectivity high and the economic feasibility
depends on the marketability of the acetone by-product. A one-step oxidation of benzene to
phenol has always been an attractive alternative but has not been available until the discovery by
Ono et a. [1] that using nitrous oxide (N2O) over an acid catalyst it is possible to form phenol
directly from benzene with high selectivity. Various solid catalysts have been used with ZSM-5
proving to be the most promising. Conversions of about 25 % and selectivities greater than 95%
have been reported for the partial oxidation of benzene with N,O over ZSM-5. The reaction
mechanism of benzene oxidation by N,O is still a matter of controversy. The group lead by
Panov [2] believe that the iron present (sometime present at impurity levels) activates N,O
giving riseto what is called alpha oxygen. Alpha oxygen then oxidizes benzene to phenol. Other
researchers (Burch [3], Motz [4]) believe that it is the Bronsted acid sites or the coordinately
unsaturated species (eg. extra-framework aluminum) that is responsible for the oxidation.

MCM-22 is a novel aluminosilicate which has a very unique structure. It has two independent
pore systems. In addition to a 2 dimensional 10 member ring (MR) channel (0.5 nm) system, it
also has a second independent channel system composed of 12 MR cage structures (0.71 nm
diameter x 1.82 nm height) connected to each other through 10 MR windows. The crystals of
MCM-22 are hexagonal with athin flat plate-like morphology. The crystal exterior is composed
of "cups" which are essentially the 12 MR cage structures cut into half. This unique structura
feature of MCM-22 gives rise to external acid sites which have acid strengths comparable to the
internal acid sites of other microporous auminosilicate (such as ZSM-5) and which are
accessible to organic molecules which do not fit through the channels.

We have investigated the partial oxidation of benzene over MCM-22 and we have found that it is
very active for the partial oxidation of benzene to phenol using N,O. The conversions obtained
are nearly 15 % with selectivities greater than 95 %, while the rate of deactivation is slow. Here
we present an investigation of the catalytic properties of MCM-22 for the direct oxidation of
benzene using N,O. We are investigating the reaction mechanism using Near Edge X-ray
Absorption Fine Structure (NEXAFS) and we will present preliminary results that explore the
use of N,O for the oxidation of naphthalene and biphenyl.

1. Suzuki, E, Nakashiro, K and Ono, Y, Chem. Lett., 6 (1988) 953.

2. Panov, G.I., Sobolev, V.l., and Kharitonov, A S, J. Mol. Catal., 61 (1990) 85.

3. Burch, R and Howitt, C, Appl. Catal. A: Gen., 86 (1992) 139.

4. Motz, J.L., Heinichen, H and Holderich, W.F., J. Mol. Catal. Gen. A: Chem., 136 (1998) 175.
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Transition metal carbides (TMC) and nitrides (TMN), especially those of Groups 5-6 early
transition metals, are characterized by many intriguing physical and chemical properties. For
example, they often possess catalytic advantages over their parent metals in activity, selectivity
and resistance to poisoning. It has been shown in the catalysis literature that TMC and TMN are
promising catalytic materials in a variety of chemical reactions. One of the primary motivations
for the catalytic studies of TMC and TMN is that they often show cataytic properties that are
characteristic of the expensive Pt-Group metals (Pt, Pd, Ir, Rh, and Ru). Furthermore, TMC and
TMN often show higher tolerance than the Pt-Group catalysts towards catalytic poisons such as
sulfur and nitrogen. As aresult, TMC and TMN can potentially be used as the less expensive
and more poison-tolerant replacements for Pt-Group metals, which are among the most
commonly used commercial catalysts in a variety of industrial applications.

Despite these existing and potential applications of TMC and TMN in a wide range of
technologically important processes, systematic studies aimed at the fundamental understanding
of the structure/property relationship of these compounds are relatively scarce. This is especially
true regarding the intriguing chemical and catalytic properties of TMC and TMN of Groups 5-6
metals. Our overall objective of the proposed activities is to determine the fundamental
relationship between the chemical properties of TMC/TMN and their underlying electronic and
physical structures.
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Mode Microcrystalline Mixed-M etal Oxidesfor Partial Oxidation and Desulfurization

CynthiaM. Friend
Harvard University
Cambridge, MA

Our work has focused on the investigation of important catalytic processes. NOy reduction,
selective hydrocarbon oxidation, and the reduction of NO in the presence of hydrocarbon
radicals. We have specifically investigated the site selectivity in specific elementary steps. Ina
second phase of our work, we have studied the effects of structure on the reactivity of nanophase
Co particles grown on Mo-based substrates. Surface science techniques are used to determine the
oxygen coordination sites populated, the oxidation states present, and the structure of the surface
aswell asto identify reactive intermediates. The reaction of alkyl species with different types of
oxygen on thin-film oxides of Mo have been studied to probe the C-O bond formation step in
hydrocarbon oxidation. The thin films serve as model systems on which to investigate the
oxidation processes. Specific types of oxygen coordination sites are populated on oxidized
Mo(110) by controlling the oxygen flux and oxidation temperature. We have found that reaction
with oxygen in high-coordination sites is kinetically most favorable for reaction with methyl
radicals. We find no evidence for participation of the Mo=0 sites in the C-O bond formation
step. We do find that the presence of Mo=0O sites effects the facility for complete
dehydrogenation which is important in determining selectivity. We have generalized this result
by studying other alkyl radicals and found that oxygen in high coordination sites is generally
very reactive. In our studies of NO, we have found that formation of a dinitrosyl species, in
which two NO molecules are bound to the same metal center, lead to a low-temperature pathway
for NO reduction. The selectivity and efficiency of this process depend on the number of oxygen
vacancies on the oxidized surface. The dinitrosyl species is also important in the combined
oxidation of methyl radicals and reduction of NO. Methyl radicals directly abstract oxygen from
molecular NO species at low temperature (100 K) and yield gaseous reduction products and
adsorbed methoxy. This offers insight into a possible mechanism for this important reaction on
oxides. In our studies of nanophase Co islands on Mo-based substrates, we find that surface
strain can be used to form metastable structures of Co and to limit their size. In some cases, the
reactivity of these islands is substantially different than for Co with a bulk-like structure. For
example, a Co lattice with a large lattice constant, enforced by interaction with sulfur on the
substrate below, is resistant to oxidation by O,. In summary, our work has demonstrated that
elementary steps in chemical processes important in catalysis often have a strong sensitivity to
structure on an atomic scale.
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The Effect Of Adsorbed Alkylidyne On The Dynamics Of Adsorption Of Methane On
Pt(111)
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In general, adsorption is the first step in all heterogeneously catalyzed reactions, and in many
cases it may be rate-limiting. The overall purpose of this research is to understand direct and
precursor-mediated adsorption by coupling the tools of modern surface science with molecular
beam techniques. The work reported here is a part of our effort to understand the dynamics of
adsorption in reactive collisions on clean and adsorbate-covered surfaces. Bond activation in this
manner is a critical step in many heterogeneously catalyzed reactions important in the energy
field; the activation of CO in methanation on nickel, of alkanes in steam reforming, of N, in
ammonia synthesis, of alkanes in selective oxydehydrogenation and catalytic combustion are but
afew important examples.

Recently we have focused our attention on adsorption mediated by extrinsic precursor states. In
heterogeneously catalyzed reactions surface coverages of reactants and intermediates may vary,
and appreciable coverages may be reached under some conditions of temperature and pressure.
For example, in the hydrogenation of ethylene on both supported and model platinum catalysts,
the surface shows appreciable coverage by ethylidyne - which itself is not an intermediate in the
reaction. Thus, it is clear that understanding adsorption on both clean and adsorbate-covered
surfaces is important to catalysis. In this meeting we present the results of the influence of
adsorbed alkylidyne intermediates on the adsorption dynamics of methane as a prototypical
study. These experiments were facilitated by use of a crystal manipulator that alowed the
surface to be resistively heated to 1200K or cooled to 30K using a liquid helium cryostat.

The dynamics of the trapping of methane onto p(2x2)-ethylidyne, -butylidyne, and
-isobutylidyne overlayers on Pt(111) at 50K were investigated. Since each of these adsorbates
forms the same structure, trapping dynamics could be studied as a function of the interna
structure of adsorbate. Trapping probabilities on these surfaces at a fixed incident energy and
angle increase in the order oxygen < ethylidyne < isobutylidyne < butylidyne, and each of the
adsorbate-covered surfaces enhances trapping compared to the clean surface. On the butylidyne-
covered surface the initial molecular trapping probability decreases from 0.88 to 0.38 as the
incident energy is increased from 8 to 24 kJmol, compared to a decrease in trapping probability
from 0.3 to zero over the same energy range on the clean surface. The angular dependence of the
trapping probability indicates that the overlayers lead to an increase in the static corrugation in
gas-surface potential. The generadly higher values of the trapping probabilities on the
alkylidyne-covered surfaces and the weaker angular dependence they exhibit suggest that they
have a more corrugated potential when compared to the clean surface.
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M orphological and Kinetic Aspects of Surface Processes
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This program is focused on the fundamental surface science of systems that are models for
heterogeneous catalysis of hydrocarbons. Single crystal metals and metal particles on planar
supports are studied using the tools of ultrahigh vacuum microscopy and spectroscopy, including
scanning tunneling methods. Adsorbate species that are important catalytic intermediates are
singled out for synthesis, for structural characterization and for kinetic characterization.

Extrinsic precursor-assisted synthesis of 1,5-hexadiene on Cu(100). As allyl bromide is
being dosed, its reaction with previously chemisorbed n>-allyl to form 1,5-hexadiene on Cu(100)
at cryogenic temperatures has been examined using RAIRS. Above 110 K, the 1,5-hexadiene
formation rate decreases with increasing temperature and is controlled by the residence time of
dosed allyl bromide, whereas below 100 K, the rate increases with temperature and is controlled
by the reaction of weakly adsorbed allyl bromide with chemisorbed n3-allyl. Above 110 K, a
precursor state model describes the kinetics. The activation energy difference, (E4-E;), between
desorption and reaction of allyl bromide with n®allyl is 12 k¥mol. This work provides direct
evidence for an extrinsic precursor-assisted reaction to synthesize a stable product that is not
chemically bonded to the metal substrate.

Stepwise dissociation of thermally activated phenol on Pt (111). The thermal reactions of
phenol on Pt(111), including characterizations of reaction intermediates, have been studied
between 125 and 1100 K by using isotopically labelled phenol. Phenol adsorbs molecularly at
125 K, with the ring plane parallel to the surface. During heating, the O—H bond breaks below
200 K. The O—-H bond dissociation product, phenoxy, has a quinoidal structure with bonded
through the C; through Cgs atoms with the C; atom tilted away from the ring plane. Bonds in the
phenoxy species rearrange towards oxocyclohexadienyl upon heating. Below 0.5 ML, phenoxy
fully decomposes upon heating to CO(g), H,(g), and C(a). Above 0.7 ML coverags, 85 % forms

CO(9), H,(9), C,(a), and C,H,(a) a 490 K, the latter dehydrogenating to H,(g) and C(a) above
550 K; and 15 % forms CH, () and O(a) between 380 and 530 K. Selective C;—H and Cs—H
dissociation occurs within phenoxy.

Time-of-flight TPD. A new method of thermal programmed desorption (TPD) using time-of-
flight mass spectrometry (TOFMYS) is developed for simultaneous detection, in wide mass
ranges, of large molecules and their surface reaction products. It provides a 3D TPD spectrum
that contains a complete set of conventional 2D TPD spectra of all the masses in the mass range
of interest. A 3D TPD spectrum of (methylcyclopentadienyl)lr(1,5-cyclooctadiene), of which
molecular weight is 379.53 AMU, on a rhodium surface is presented as an example. The 3D
TPD spectrum comprises TOF mass spectra, from 1 to 385 AMU, accumulating 10,000 scans in
every 0.6 second. By covering the whole mass range of interest in one TPD experiment, the new
TOFMS-TPD offers some advantages compared to conventional quadrupole-based TPD.
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We are exploring interesting new aspects of the relation between microscopic surface structure
and chemical reactivity for model bimetallic catalysts used in energy applications, i.e., ultrathin
films of metals on metals. Our focus is on atomically rough, morphologically “unstable” single
crystal surfaces that may undergo massive reconstruction and faceting at the nanometer scale
when covered by ultrathin films of metals or other adsorbed species (~ 1 monolayer 