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PREFACE

“ The United States Air Force Summer Faculty Research Program
(USAF-SFRP) is designed to introduce university, college, and technical
institute faculty members to Air Force research. This is accomplished by
the faculty members being selected on a nationally advertised competitive
basis for a ten-week assignment during the summer intersession period to
perform research at Air Force laboratories/centers. Each assignment is
in a subject area and at an Air Force facility mutually agreed upon by
the faculty members and the Air Force. In addition to compensation,
travel and cost of living allowances are also paid. The USAF-SFRP is
sponsored by the Air Force Office of Scientific Research, Air Force
Systems Command, United States Air Force, and is conducted by Universal
Energy Systems, Inc.

™ The specific objectives of the 1988 USAF-SFRP are:

(1N To provide a productive means for U. S. Faculty Members to
participate in research at Air Force Laboratories/Centers;

~ (2) To stimulate continuing professional association among the
Faculty and their professional peers in the Air Force;

(3) To further the research objectives of the_United States Air
Force;

T(4) To enhance the research productivity and capabilities of the
Faculty especially as these relate to Air Force technical
interests. Vv i o o 0y fevee 3

L [ ffsrr,\n«*_', Sl e P e 5{ '(Styd
Ouring the summer of 1988, 153-faculty members participated. These
researchers were assigned to 23 USAF 1laboratories/centers across the
country. This four volume document {is a compilation of the final reports

written by the assigned faculty members about their summer research

efforts.
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PREFACE

The United States Air Fforce Summer Faculty Research Program
(USAF-SFRP) is designed to introduce university, college, and technical
institute faculty members to Air Force research. This is accomplished by
the faculty members being selected on a ~3itionally advertised competitive
basis for a ten-week assignment during .ie summer intersession period to
perform research at Air Force laboratories/centers. Each assignment is
in a subject area and at an Air Force facility mutually agreed upon by
the faculty members and the Air Force. In addition to compensation,
travel and cost of living allowances are also paid. The USAF-SFRP is
sponsored by the Air Force Office of Scientific Research, Air Force
Systems Command, United States Air Force, and is conducted by Universal
Energy Systems, Inc.

The specific objectives of the 1988 USAF-SFRP are:

(1) To provide a productive means for U. S. Faculty Members to
participate in research at Air Force Laboratories/Centers;

(2) To stimulate continuing professional association among the
Faculty and their professional peers in the Air Force;

(3) To further the research objectives of the United States Air
Force;

(8) To enhance the research productivity and capabilities of the
Faculty especially as these relate to Air Force technical
interests.

Ouring the summer of 1988, 153-faculty members participated. These
researchers were assigned to 23 USAF laboratories/centers across the
country. This four volume document is a compilation of the final reports
written by the assigned faculty members about their summer research
efforts.




LIST OF 1988 PARTICIPANTS

NAME/ADDRESS

Dr. Ibrahim A. Ahmad
Professor and Director
Division of Statistics

Dept. of Math Sciences
Northern 111inois University
Dekalb, IL 60115

(815) 753-6739

Or. Robert J. Arenz

Professor

Dept. of Mechanical Engineering
Gonzaga University

Spokane, WA 99258

(509) 328-4220

Dr. Lucia M. Babcock
Assistant Professor

Dept. of Chemistry
Louisiana State University
Choppin Hall

Baton Rouge, LA 70803
(504) 388-3239

Or. Praphulla K. Bajpai
Professor

Dept. of Biology
University of Dayton
300 College Park
Dayton, OH 45469

(513) 229-3029

Dr. Stephen D. Baker
Professor

Dept. of Physics

Rice University
Houston, TX 77251-1892
(713) 5271-8101

Dr. Pradip M. Bakshi
Research Professor

Dept. of Physics

Boston College

Chestnut Hil1, MA 02167
(617) 552-3585

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:

Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Deqree:

Specialty:
Assigned:

ii

Ph.D., Statistics, 1975

Statistics and Operations
Research

Armament Laboratory

Ph.0., Aeronautical Eng., 1964
Solid Mech.
Materials Laboratory

Ph.D., Chemistry, 1978
Gas Phase Ion-Molecule Chem.
Air Force Geophysics Lab.

Ph.D., Animal Physiology, 1965
Physiology and Biomaterials
Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Physics, 1963
Nuclear Physics
Air Force Geophysics Lab.

Ph.0., Theoretical Physics,
1962

Quantum Theory

Air Force Geophysics Lab.




NAME/ADDRESS

Or. Shankar S. Bale
Professor

Dept. of Science and Math
Saint Paul's University
Lawrenceville, VA 23868
(804) 848-3111

Mr. Beryl L. Barber

Assistant Professor

Dept. of Electronics Eng.
Oregon Institute of Technology
3201 Campus Orive

Klamath Falls, OR 97601-8801
(503) 882-6890

Dr. Bryan R. Becker

Assistant Professor

Dept. of Aerospace Engineering
University of Missouri

600 West Mechanic
Independence, MO 64050-1799
(816) 276-1279

Dr. Reuben Benumof
Professor

Dept. of Applied Sciences
College of Staten Island
130 Stuyvesant P1.
Staten Island, NY
(718) 390-7973

10301

Mr. Gecrge N. Bratton
Associate Professor

Dept. of Math and Comp. Science

Austin State Peay State Univ.
P O Box 8343

Clarksville, TN 37044

(615) 648-7834

Or. Dan R. Bruss

Assistant Professor

Nept. of Physical Sciences
Albany College of Pharmacy
106 New Scotland Avenue
Albany, NY 12208

(518) 445-7225

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degqree:

Degree:
Specialty:
Assigned:

Degree:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Genetics, 1971
Toxicology-Cytogenetics
Harry G. Armstrong Aerospace
Medical Research Laboratory

MSEE, Electrical Eng., 1961
RF/Microwave Components
Rome Air Development Center

Ph.D., Eng. Science, 1979
Computational Fluid Oynamics
Aero Propulsion Laboratory

Ph.D., Physics, 1945
Semiconductor Physics
Air Force Geophysics Lab.

£d.D., Mathematics Ed., 1977
Statistics
Electronics Systems Division

Ph.D., Chemistry, 1985
Physical Organic Chemistry
Frank J. Seiler Research Lab.




NAME/ADDRESS

Or. Ronald Bulbulian

Associate Professor

Dept. of Health, Physical
Education and Recreation
University of Kentucky

Seaton 100

Lexington, KY 40506
(606) 257-7904

Dr. Charles M. Bump
Assistant Professor
Dept. of Chemistry
Hampton University
P 0 Box 6483
Hampton, VA 23668
(804) 727-5330

Or. John A. Burke, Jr.
Professor

Dept. of Chemistry
Trinity University

715 Stadium Drive

San Antonio, TX 178284
(512) 736-7316

Mr. Mike Burlakoff

Assistant Professor

Dept. of Computer Science
Southwest Missouri State Univ.
901 S. National

Springfield, MO 65804

(417) 836-5930

Or. Larry W. Byrd

Assistant Professor

Dept. of Mechanical Engineering
Arkansas State University

P 0 Box 1080

State University, AR 72467-1080
(501) 972-3421

Dr. Clarence Calder

Associate Professor

Dept. of Mechanical Engineering
Oregon State University
Corvallis, OR 97331

(503) 754-2427

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

iv

Ph.D., Physiology, 1980
Exercise Physiology
School of Aerospace Medicine

Ph.D. Organic Chemistry, 1979
Organic Synthesis
Frank J. Seiler Research Lab.

Ph.D., Chemistry, 1963
Inorganic Compounds
School of Aerospace Medicine

MS., Math, Computer Sci., 1965
Computer Science
Avionics Laboratory

Ph.D., Mechanical Eng., 1984
Mechanical Engineering
Flight Dynamics Laboratory

Ph.D., Mechanical Eng., 1969
Stress Wave Propagation
Astronautics Laboratory




NAME/ADDRESS

Dr. Richard T. Carlin
Assistant Professor
Dept. of Chemistry
Polytechnic University
333 Jay St.
Brooklyn, NY
(718) 260-3339

11201

Or. Gene 0. Carlisle
Professor

Dept. of Chemistry and Physics
West Texas State University
Canyon, TX 79016

(806) 656-2282

Dr. Patricia Carlson
Professor

Dept. of Humanities
Rose-Hulman Institute of Tech.
5500 Wabash

Terre Haute, IN 47803

(812) 877-1511

Dr. David R. Cecil
Professor

Dept. of Mathematics
Texas A&I University
Campus Box 172
Kingsville, TX 78363
(512) 592-1839

Dr. Wayne A. Charlie
Associate Professor

Dept. of Civil Engineering
Colorado State University
Fort Collins, CO 80523
(303) 491-8584

Dr. Steven C. Chiesa
Assistant Professor

Dept. of Civil Engineering
Santa Clara University
Santa Clara, CA 95053
(408) 554-4697

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Assiqgned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Chemistry, 1983
Inorganic Chemistry
Frank J. Seiler Research Lab.

Ph.D., Inorganic Chem., 1969
Coordination Chemistry
Materials Laboratory

Ph.D., Language & Lit., 1973
Document Design

Human Resources Laboratory:
Logistics & Human Factors Div.

Ph.0., Mathematics, 1962
Algebra (Finite Fields)
Wilford Hall Medical Center

Ph.D., Civil Engineering, 1975
Geotechnical Engineering
Engineering & Services Center

Ph.D., Civil Eng., 1982
Biological Waste Treatment
Occupational and Environment
Health Laboratory




NAME/ADDRESS

Dr. Karen C. Chou
Associate Professor

Dept. of Civil Engineering
Syracuse University
Syracuse, NY 13244-1190
(315) 423-3314

Dr. Phillip A. Christiansen
Associate Professor

Dept. of Chemistry

Clarkson University
Potsdam, NY 13676

(315) 268-4099

Dr. Keith A. Christianson
Assistant Professor

Dept. of Electrical Engineering
University of Maine

Orono, ME 04469

(207) 581-2244

Or. Mingking K. Chyu
Assistant Professor

Dept. of Mechanical Eng.
Carnegie Mellon University
Pittsburgh, PA 15213
(412) 268-3658

Or. Jerry D. Clark
Assistant Professor
Dept. of Physics

Wright State University
248 Fawcett Hall
Dayton, OH 45435

(513) 426-3917

Dr. Lane Clark

Assistant Professor
Dept. of Mathematics
University of New Mexico
Albuquerque, NM 87106
(505) 277-2104

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

vi

Ph.D., Structural Eng., 1983
Structural Engineering
Flight Dynamics Laboratory

Ph.D., Physical Chem., 1978
Physical Chemistry
Astronautics Laboratory

Ph.D., Materials Science and
Engineering, 1985
Electronic Materials

Rome Air Development Center

Ph.D., Heat Transfer, 1986
Heat Transfer
Aero Propulsion Laboratory

Ph.D., Physics, 1982
Atomic Physics
Aero Propulsion Laboratory

Ph.D., Mathematics, 1980
Graph Theory
Weapons Laboratory




NAME/ADDRESS

Or. Donald F. Collins
Faculty in Physics
Dept. of Physics
Warren Wilson College
Swannanoa, NC 28778
(704) 298-3325

Dr. Susan T. Collins
Assistant Professor

Dept. of Chemistry
California State University
18111 Nordhoff Street
Northridge, CA 91330

(818) 885-3367

Dr. Charles D. Covington
Assistant Professor

Dept. of Electrical Engineering
University of Arkansas

Bell Engineering Center 3217
Fayetteville, AR 727017

(501) 575-6583

Or. Parvis Dadras

Professor

Dept. of Mech. Systems Eng.
Wright State University
Dayton, OH 45435

(513) 873-2944

Or. John F. Dalphin
Professor

Dept. of Computer Science
Towson State University
Baltimore, MD 21204
(301) 321-3701

Mr. Darin S. DeForest
Research Associate

Dept. of Computer Science
Arizona State University
Tempe, AZ 85287

(602) 965-3664

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

vii

Ph.D., Physics, 1970
Optics, Image Processing
Air Force Geophysics Lab.

Ph.D., Physical Chem., 1981
Matrix Isolation Spectroscopy
Astronautics Laboratory

Ph.n., Electrical Eng., 1984
Digital Signal Processing

Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Mechanical Eng., 1972
Mechanics of Materials
Materials Laboratory

Ph.D., Mathematics, 1973
Computer Science
Electronics Systems Division

B.Sc., Computer Science, 1984
Programming Language Design
Rome Air Development Center




NAME/ADDRESS

Or. David H. DeHeer
Associate Professor
Dept. of Biology

Calvin College

3201 Burton Street, S.E.
Grand Rapids, MI 49506
(616) 957-6083

Dr. Eustace L. Dereniak
Associate Professor
Dept. of Optical Science
University of Arizona
528 N. Martin

Tucson, AZ 85719

(602) 621-1019

Prof. Paul T. Dingman
Assistant Professor

Dept. of Electronics Eng. Tech.

Gregon Institute of Technology
3201 Campus Drive

Klamath Falls, OR 97601-8801
(503) 882-6890

Or. David A. Dolson
Assistant Professor
Dept. of Chemistry
Murray State University
Murray, KY 420N

(502) 762-4490

Dr. Hugh K. Donaghy

Assistant Professor

Dept. of Computer Science
Rochester Inst. of Technology
1 Lomb-Memorial Orive
Rochester, NY 14623

(716) 475-2994

Or. Stephen J. Dow

Assistant Professor

Dept. of Math and Statistics
Univ. of Alabama in Huntsville
Huntsville, AL 35899

(205) 895-6252

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

viii

Ph.D., Molecular Biology, 1972
Molecular Biology
Engineering & Services Center

Ph.D., Optics, 1976
Infrared Physics

Arnold Engineering
Development Center

MSEE., Electrical Eng., 1974
Digital, Microprocessors
Rome Air Development Center

Ph.D., Physical Chem., 1981
Laser Spectroscopy
Weapons Laboratory

Ph.D., Philosophy, 1972
Natural Language Processing
Rome Air Development Center

Ph.D., Mathematics, 1982
Discrete Mathematics
Armament lLaboratory




NAME/ADDRESS

Dr. Derek Dunn-Rankin

Assistant Professor

Dept. of Mechanical Engineering
University of California

616 Engineering

Irvine, CA 927117

(714) 854-0460

Dr. Deanna S. Durnford
Assistant Professor

Dept. of Agric. & Chem. Eng.
Colorado State University
Ft. Collins, CO 80523

(303) 491-5252

Dr. Suren N. Dwivedi
Associate Professor

Dept. of Mechanical Eng.
University of North Carolina
Charlotte, NC 28223

(704) 547-2303

Dr. Wayne A. Eckerle
Associate Professor

Dept. of Mech. & Ind. Eng.
Clarkson University
Potsdam, NY 13676

(315) 268-2203

Dr. J. Kevin Ford
Assistant Professor

Dept. of Psychology
Michigan State University
East Lansing, MI 48824
(517) 353-5006

Prof. Michael E. Frantz
Assistant Professor

Dept. of Math and Physics
University of LaVerne
1950 Third Street
LaVerne, CA 91750

(714) 593-3511

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

ix

Ph.D., Mechanical Eng., 1985
Laser Diagnostics (combustion)
Aero Propulsion Laboratory

Ph.D., Civil Eng., 1982
Groundwater
Engineering & Services Center

Ph.D., Engineering, 1976
Material Processing
Materials Laboratory

Ph.D., Fluid Mech., 1985
Experimental Fluid Mechanics
Aero Propulsion Laboratory

Ph.D., Philosophy, 1983
Industrial/Organ. Psychology
Human Resources Laboratory:
Training Systems

M.S., Mathematics, 1978
Partial Differential Equations
Air Force Geophysics Lab.




NAME/ADDRESS

Dr. Barry K. Fussell

Assistant Professor

Dept. of Mechanical Engineering
University of New Hampshire
Kingsbury Hall

Durham, NH 03824

(603) 862-1352

Dr. Hugh. P. Garraway, III
Associate Professor

Dept. of Computer Science
Univ. of Southern Mississippi
Box 5106

Hattiesburg, MS 39406

(601) 266-4949

Or. Christopher P. Godfrey
Assistant Professor

Dept. of Computer Science
Missouri Western State College
4525 Downs Drive

St. Joseph, MO 64507

(816) 271-4372

Dr. Barry P. Goettl
Assistant Professor
Dept. of Psychology
Clemson University

108 Brackett Hall
Clemson, SC 29634-1511
(803) 656-2831

Dr. Gerald W. Grams

Professor

School of Geophysical Sciences
Georgia Tech.

Atlanta, GA 30332

(404) 894-3628

Or. Edward K. Greenwald
Assistant Professor
Engineering Professional Dev.
Univ. of Wisconsin-Madison
432 N. Lake Street

Madison, WI 53706

(608) 262-0573

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Oegree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Deqree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Mechanical Eng., 1987
Systems Modeliing & Controls
Materials Laboratory

Ph.D., Instruc. Tech., 1980
Computer Based Learning
Human Resources Laboratory:
Training Systems

Ph.D., Physics, 1982
High Energy Astrophysics
Air Force Geophysics Lab.

Ph.D., Psychology, 1987
Engineering Psychology
Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Meteorology, 1966
Atmospheric Physics
Avionics Laboratory

Ph.D., Physics, 1967
Electrical Engineering
Engineering & Services Center




NAME/ADDRESS

Prof. William M. Grissom
Assistant Professor
Dept. of Physics
Morehouse College

830 Westview Dr., S.W.
Atlanta, GA 30314

(404) 681-2800

Or. David A. Grossie
Assistant Professor
Dept. of Chemistry
Wright State University
Dayton, OH 45435

(513) 873-2210

Dr. Vijay K. Gupta
Professor

Dept. of Chemistry
Central State University
Wilberforce, OH 45384
(513) 376-6423

Dr. Awatef Hamed

Dept. of Aerospace Eng.
University of Cincinnati
Mail Location 70
Cincinnati, OH 45221
(513) 475-5630

Dr. Albert A. Heaney
Professor
Dept. of Electrical Eng.

California State University

Shaw & Cedar Avenues
Fresno, CA 93740-0094
(209) 294-4823

Dr. David Hemmendinger
Assistant Professor

Dept. of Compt. Sci. & Eng.

Wright State University
Research Bldg.

317 Research Blvd.

Kettering, OH 45420
(513) 259-1345

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

xi

M.S.E., Mechanical Eng., 1978
Combustion Diagnostics

Arnold Engineering
Development Center

Ph.D., Chemistry, 1982
X-ray Crystallography
Materials Laboratory

Ph.D., Chemistry, 1969
Physical Chemistry
Materials Laboratory

Ph.D., Engineering, 1972
Engineering
Flight Dynamics Laboratory

Ph.D., Electrical Eng., 1972
Computer Engineering
Eastern Space Missile Center

Ph.D., Philosophy, 1973
Logic Programming
Avionics Laboratory




NAME/ADDRESS

Or. Bennye S. Henderson
Associate Professor
Dept. of Biology

Jackson State University
1325 Lynch Street
Jackson, MS 39217

(601) 968-2586

Dr. Darrell E.P. Hoy
Assistant Professor

Dept. of Mechanical Eng.
Tennessee Technological Univ.
Box 5014

Cookeville, TN 38505

(615) 372-3732

Or. Manuel A. Huerta
Professor

Dept. of Physics
University of Miami

P 0 Box 248046

Coral Gables, FL 33124
(305) 284-2323

Dr. Randolph B. Huff
Professor

Dept. of Chemistry
Presbyterian College
Clinton, SC 29325
(803) 833-2820

Dr. Neil J. Hutzler
Associate Professor

Dept. of Civil Engineering
Michigan Tech. University
Houghton, MI 49931

(906) 487-2194

Dr. Douglas E. Jackson
Professor

Dept. of Math Sciences
Eastern New Mexico University
Portales, NM 88130

(505) 562-2367

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Assigned:

Degree:
Specialty:
Assigned:

xii

Ph.D., Physiology, 1979
Physiology
School of Aerospace Medicine

M.S.E., Mechanical Eng., 1985
Ballistic Impact Shocks
Arnold Engineering
Development Center

Ph.D., Physics, 1970
Plasma Physics
Armament Laboratory

Ph.D., Inorganic Chem., 1969
Physical-Inorganic Chemistry
Occupational and Environment
Health Laboratory

Ph.D., Environmental Eng.,
1978

Environmental Engineering
Engineering & Services Center

Ph.D., Mathematics, 1969
Math/Statistical Information
Human Resources Laboratory:
Manpower & Personnel Division




NAME/ADDRESS

Dr. Oleg G. Jakubowicz
Assistant Professor

Dept. of Elect. & Compt. Eng.
State University of New York
238 Bell Hall

Buffalo, NY 14260

(716) 636-2406

Dr. Manjit S. Jawa

Professor

Dept. of Mathematics
Fayetteville State University
Fayetteville, NC 28301

(919) 486-1675

Dr. David W. Jensen

Assistant Professor

Dept. of Aerospace Eng.
Pennsylvania State University
233N Hammond Bldg.
University Park, PA
(814) 863-1077

16802

Dr. Eric R. Johnson
Associate Professor
Dept. of Chemistry
Ball State University
Muncie, IN 47306
(317) 285-~8078

Dr. William M. Jordan
Assistant Professor

Dept. of Mech. & Indus. Eng.
Lousiana Tech. University

P 0 Box 10348

Ruston, LA 71272

(318) 257-4304

Or. Mohammad A. Karim
Assistant Professor
Dept. of E£lectrical Eng.
University of Dayton
KL-2410

Dayton, OH 45469

(513) 229-3611

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specjalty:
Assigned:

Degree:

Assigned:

Degree:
Specialty:
Assigned:

xiit

Ph.D., Physics, 1984
Neural Nets
Rome Air Development Center

Ph.D., Applied Math., 1967
Applied Mathematics
Arnold Engineering
Development Center

Ph.D., Structures Tech., 1986
Advanced Composite Materials
Astronautics Laboratory

Ph.D., Biochemistry, 1974
Protein Biochemistry
School of Aerospace Medicine

Ph.D., Intersiciplinary
Eng., 1985

Composite Materials

Weapons Laboratory

Ph.D., Electrical Eng., 1982
Electro-Optics
Avionics Laboratory




NAME/ADORESS

Or. Arkady Kheyfets
Assistant Professor

Dept. of Mathematics

North Carolina State Univ.
Box 8205

Raleigh, NC 27695-8205
(919) 737-3265

Prof. Daisy W. Kimble
Assistant Professor
Dept. of Chemistry
Southern University

P 0 Box 11487

Baton Rouge, LA 70813
(504) 7171-3734

Dr. Yulian 8. Kin
Associate Professor

Dept. of Engineering
Purdue University Calumet
Potter Building

Hammond, IN 46323

(219) 989-2684

Dr. Samuel P. Kozaitis
Assistant Professor

Dept. of Electrical Eng.
Florida Institute of Tech.
Melbourne, FL 32901-6988
(305) 768-8000

Dr. Janet U. Kozyra
Assistant Research Scientist
University of Michigan

Space Physics Research Lab.
2455 Hayward

Ann Arbor, MI 48109-2143
(313) 747-3550

Dr. Charles E. Lance
Assistant Professor
Dept. of Psychology
University of Georgia
Athens, GA 30602
(404) 542-3053

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Xiv

Ph.D., Physics, 1986
Mathematical Physics
Weapons Laboratory

M.S., Analytical Chem., 1986
Analytical Chemistry
School of Aerospace Medicine

Ph.D., Fatigue Stress Analysis
197

Stress Analysis

Fl1ight Dynamics Laboratory

Ph.D., Electrical Eng, 1986
Optics, Computer Architecture
Rome Air Development Center

Ph.D., Atmospheric Sci., 1986
Space Physics
Air Force Geophysics Lab.

Ph.D., Psychology, 1985
Industrial/Organizational Psy.
Human Resources Laboratory:
Manpower & Personnel Division




NAME/ADDRESS

Dr. Thomas L. Landers
Assistant Professor

Dept. of Industrial Engineering

University of Arkansas
4176 Bell Engineering Ctr.
Fayetteville, AR 72703
(501) 575-6042

Prof. Anastas Lazaridis
Assistant Professor
Dept. of Mechanical Eng.
Widener University
Chester, PA 19013

(215) 499-4487

Or. L. James Lee
Associate Professor

Dept. of Chemical Eng.
The Ohio State University
140 W. 19th Avenue
Columbus, OH 43210

(614) 292-2408

Dr. Robert Y. Li
Assistant Professor
Dept. of Electrical Eng.
University of Nebraska
Lincoln, NE 68588

(402) 472-5892

Dr. Irving Lipschitz
Associate Professor
Dept. of Chemistry
University of Lowell
1 University Lane
Lowell, MA 01854
(617) 452-5000

Dr. Harold G. Longbotham
Visiting Assistant Professor
Dept. of Electrical Eng.
Univ. of Texas - San Antonio
San Antonio, TX 78285

(512) 691-5518

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Deqree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degqree:
Specialty:
Assigned:

Degree:
Assigned:

XV

Ph.D., Industrial Eng., 1985
Reliability & Maintainability
Human Resources Laboratory:
Logistics & Human Factors Div.

Sc.D., Thermal Fluids, 1969
Ablation, Solar Energy
Armament Laboratory

Ph.D., Chemical Eng., 1979
Polymer & Composite Processing
Materials Laboratory

Ph.D., Electrical Eng., 1981
Image Processing
Avionics Laboratory

Ph.D., Physical Chem., 1965
Vibrational Spectroscopy
Air Force Geophysics Lab.

Ph.D., Electrical Eng., 1985
Nonlinear Digital Filtering
School of Aerospace Medicine




NAME/ADDRESS

Dr. David A. Ludwig
Assistant Professor
Dept. of Mathematics
Unijv. of North Carolina
at Greensboro
Greensbhoro, NC 27412
(919) 334-5836

Dr. Douglas A. Mandra
Associate Professor
Dept. of Psychology
Francis Marion College
P 0 Box 7500

Florence, SC 29501
(803) 661-1378

Or. Robert E. Masingale, Sr.
Professor

Dept. of Chemistry

Jarvis Christian College
Hawkins, TX 75765

(214) 769-2174

Or. John P. McHugh
Assistant Professor

Dept. of Mechanical Eng.
University of New Hampshire
133 Kingsbury

Durham, NH 03824

(603) 862-1899

Dr. Michael L. McKee
Associate Professor
Dept. of Chemistry
Auburn University
Auburn, AL 36849-5312
(205) 826-4043

Or. Thomas T. Meek

Associate Professor

Dept. of Materials Sci. & Eng.
University of Tennessee

434 Dougherty Engineering Bldg.
Knoxville, TN 37965-2200

(615) 970-0940

GEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xvi

Ph.D., Biostatistics, 1982
Biostatistics, Exp. Design
School of Aerospace Medicine

Ph.D., Psychology, 1974
Experimental Psychology
Human Resources Laboratory:
Operations Training Division

Ph.D., Organic Chemistry, 1968
Organic & Analytical Chemistry
Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Applied Mechanics, 1986
Fluid Mechanics
Air Force Geophysics Lab.

Ph.D., Chemical Physics, 1977
Molecular Orbital Theory
Frank J. Seiler Research Lab.

Ph.D., Ceramic Eng., 1977
Ceramic Processing
Materials Laboratory




NAME /ADDRESS

Or. Tammy J. Melton
Assistant Professor
Dept. of Chemistry
St. Norbert College
DePere, WI 54115
(414) 337-3206

Dr. Carolyn W. Meyers
Assistant Professor

Dept. of Mechanical Eng.
Georgia Inst. of Technology
School of Mechanical Eng.
Atlanta, GA 30332

(404) 894-3264

Dr. David W. Mikolaitis
Assistant Professor

Dept. of Engineering Sciences
University of Florida

231 Aero

Gainesville, FL 32611

(904) 392-0961

Dr. Kwang S. Min

Professor

Dept. of Physics

East Texas State University
Commerce, TX 75428

(214) 885-5483

Dr. Joseph J. Molitoris
Professor

Dept. of Physics
Muhlenberg College
Allentown, PA 18104
(215) 821-3413

Mr. Augustus Morris
Instructor

Dept. of Manufacturing Eng.
Central State University
Wilberforce, OH 45384
(513) 376-6435

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xvii

Ph.D., Inorganic Chem., 1986
Inorganic Synthesis
Frank J. Seiler Research Lab.

Ph.D., Physical Metallurgy,
1984

Microstructure

Engineering & Services Center

Ph.D., Theoretical & Applied
Mechanics, 1981

Applied Math

Armament Laboratory

Ph.D., Physics, 1962
Signal Processing
Armament Laboratory

Ph.D., Physics, 1985
Nuclear Physics
Armament Laboratory

B.S., Biomedical Eng., 198]
Biomedical Engineering
F1ight Oynamics Laboratory




NAME/ADDRESS

Or. William P. Mounfield
Assistant Professor
Dept. of Mechanical Eng.

Louisiana State University

R2513-A CEBA Bldg.

Baton Rouge, LA 70803-6413

(504) 388-6488

Dr. Nanda L. Mukherjee
Associate Professor
Dept. of Chemical Eng.
Tuskegee University
Tuskegee, AL 36088
(205) 727-8050

Dr. Richard S. Myers
Professor

Dept. of Physical Sciences
Delta State University

P 0 Box 3255

Cleveland, OH 38733

(601) 846-4482

Dr. Himanshoo V. Navangul
Professor

Dept. of Chemistry and
Physical Science

North Carolina Wesleyan College

Wesleyan Station
Rocky Mount, NC 27804
(919) 977-1MMN

Dr. Mark A. Norris
Assistant Professor

Dept. of Mechanics
Virginia Polytechnic Inst.
and State University

227 Norris Hall
Blacksburg, VA 24061
(703) 961-4576

Or. Mufit H. Ozden
Associate Professor

Dept. of Systems Analysis
Miami University

2303 Kreger Hall

Oxford, OH 45056

(513) 529-5937

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assiqned:

xviii

Ph.D., Mechanical Eng., 1985
Automatic Controls
Engineering & Services Center

Ph.D., Chemical Eng., 1967
Kinetics
Flight Dynamics Laboratory

Ph.D., Physical Chem., 1968
Experimental Physical Chem.
Engineering & Services Center

Ph.D., Physical Chem., 1967
Molecular Spectroscopy
Air Force Geophysics Lab.

Ph.D., Eng. Mechanics, 1986
Structural Dynamics & Controls
Astronautics Laboratory

Ph.D. Eng. Systems, 1975
Operations Research

Human Resources Laboratory:
Logistics & Human Factors Div.




NAME/ADDRESS

Prof. Martin A. Patt
Associate Professor
Dept. of Electrical Eng.
University of Lowell

1 University Ave.
Lowell, MA 01854

(617) 452-5000

Or. David G. Payne
Assistant Professor
Dept. of Psychology
SUNY Binghamton
Binghamton, NY
(607) 777-4610

13901

Dr. William Z. Plachy
Professor

Dept. of Chemistry & Biochem.
San Francisco State University
San fFrancisco, CA 94132

(415) 338-1436

Dr. Patricia L. Plummer
Professor

Dept. of Physics & Chemistry
Columbia Univ. of Missouri
Columbia, NC 65211

(314) 882-3053

Or. Leonard E. Porter
Professor

Dept. of Physics & Astronomy
University of Montana
Missoula, MT 59812

(406) 243-6223

Dr. Ramalingam Radhakrishnan
Assistant Professor

Dept. of Civil Engineering
Prairie View A&M University
Prairie View, TX 77084
(409) 857-2418

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Specialty:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:

xix

M.S., Electrical Eng., 1964
Computer Applications
Air Force Geophysics Lab.

Ph.D., Cognitive Psy., 1984
Human Memory

Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Physical Chem., 1967
Physical Chemistry
School of Aerospace Medicine

Ph.D., Chemical Physics, 1964
Quantum Chemistry
Frank J. Seiler Research Lab.

Ph.D., Nuclear Physics, 1965
Nuclear Physics
Weapons Laboratory

Ph.D, Structure Eng., 1974
Structures
Engineering & Services Center




NAME/ADORESS

Dr. Periasamy K. Rajan
Professor

Dept. of Electrical Eng.
Tennessee Tech. University
Box 5004

Cookeville, TN 38505
(615) 372-3308

Dr. Panapakkam A. Ramamoorthy
Associate Professor

Dept. of Elect. & Computer Eng.
University of Cincinnati

M.L. #30

Cincinnati, OH 45220

(513) 475-42417

Or. Dharam S. Rana

Associate Professor

Dept. of Management & Marketing
Jackson State University

1400 J.R. Lynch

Jackson, MS 39217

(601) 968-2534

Dr. Sunita S. Rana
Instructor

Dept. of Computer Science
Jackson State University
1400 Lynch Street
Jackson, MS 39217

(601) 968-2105

Dr. Hal C. Reed
Associate Professor
Dept. of Biology

Oral Roberts University
7777 S. Lewis

Tulsa, 0K 7417

(918) 495-6945

Or. Michael D. Rice
Associate Professor

Dept. of Computer Science
George Mason University
4400 University Or.
Fairfax, VA 22030

(703) 323-3884

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

XX

Ph.D., Electrical Eng., 1975
Digital Signal Processing
Avionics Laboratory

Ph.D., Digital Signal
Processing, 1977

Optical Memory

Avionics Laboratory

Ph.D., Statistics, 1976
Quantitative Techniques

Human Resources Laboratory:
Manpower & Personnel Division

Ph.D., Biology, 1969
Computer Science

Human Resources Laboratory:
Training Systems

Ph.D., Entomology, 1982
Insect Behavior
School of Aerospace Medicine

Ph.0., Mathematics, 1973
Computer Science/Math
Weapons Laboratory




NAME/ADDRESS

Dr. Mateen M. Rizki
Assistant Professor

Dept. of Computer Science
Wright State University
410 Fawcett Hall

Dayton, OH 45435

(513) 873-2394

Dr. Thomas R. Rogge
Professor

Dept. of Eng. Science & Math
Iowa State University

3015 Black Eng.

Ames, TA 50010

(515) 294-2956

Dr. Joe M. Ross
Assistant Professor
Dept. of Chemistry
Central State University
Wilberforce, OH 45384
(513) 376-6214

Dr. Joseph E. Saliba

Assistant Professor

Dept. of Civil & Engr. Mechanics
University of Dayton

300 College Park

Dayton, OH 45469

(513) 229-3847

ODr. Dhiraj K. Sardar
Assistant Professor

Dept. of Physics

University of Texas

Div. of Earth & Physical Sci.
San Antonio, TX 78285-0663
(512) 691-5462

Prof. Sonia H. Sawtelle
Teaching Associate

Dept. of Education

Univ. of Texas - San Antonio
San Antonio, TX 78285

(512) 691-4412

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

XX 1

Ph.D., Computer Science, 1985
Modeling and Simulation
Avionics Laboratory

Ph.D., Applied Math, 1964
Finite Element Analysis
School of Aerospace Medicine

Ph.D., Molecular Bio., 1977
Biochemistry of Macromolecules
School of Aerospace Medicine

Ph.D., Solid Mechanics, 1983
Engineering Mechanics

Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Physics, 1980
Materials Science & Lasers
School of Aerospace Medicine

MS., Exercise Physiology, 1975
Exercise Physiology
School of Aerospace Medicine




NAME/ADDRESS

ODr. Paul 0. Scheie
Professor

Dept. of Physics

Texas Lutheran College
1000 West Court
Seguin, TX 78155
(512) 379-4161

Dr. James L. Schmutz
Professor

Dept. of Chemistry
Central Wesleyan College
1 Wesleyan Drive
Central, SC 29630

(803) 639-2453

Dr. Jodye I. Selco
Assistant Professor
Dept. of Chemistry
University of Redlands

P 0 Box 3080

Redlands, CA 92373-0999
(714) 793-2121

Dr. Shawky E. Shamma
Professor

Dept. of Math/Statistics
University of West Florida
Pensacola, FL 32514

(904) 474-2281

Dr. Rameshwar P. Sharma
Associate Professor

Dept. of Mechanical Engineering
Western Michigan University
2065 Kohrman Hall

Kalamazoo, MI 49008

(616) 383-1408

Dr. Larry R. Sherman
Professor

Dept. of Chemistry
University of Akron
Akron, OH 44325-0001
(216) 375-7333

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Degree:
Specialty:

Degree:
Assigned:

xxii

Ph.D., Biophysics, 1965
Electrophysiology
School of Aerospace Medicine

Ph.D., Chemistry, 1976
Inorganic Polymers
Frank J. Seiler Research Lab.

Ph.D., Chemical Physics, 1983
Spectroscopy, Kinetics
Astronautics Laboratory

Ph.D., Applied Math, 1969
Applied Mathematics
Armament Laboratory

Ph.D., Mechanical Eng., 1978
Fluid Mechanics
Astronautics Laboratory

Ph.D., Analytical Chem., 1969
Organotin Chemistry
Occupational and Environment
Health Laboratory




NAME/ADDRESS

Dr. James A. Sherwood
Assistant Professor

Dept. of Mechanical Eng.
University of New Hampshire
Kingsbury Hall

Ourham, NH 03824

(603) 862-2624

Dr. Sanford S. Singer
Professor

Dept. of Chemistry
University of Dayton
300 College Park
Dayton, OH 45469
(513) 229-2833

Or. Trilochan Singh
Professor

Dept. of Mechanical Eng.
Wayne State University
Detroit, MI 48202

(313) 577-3845

Dr. Jorge L. Sintes

Chairman

Dept. of Preventive Dentistry
and Community Health

Meharry Medical College

1005 D.B. Todd Blvd.
Nashville, TN 37208

(615) 327-6185

Or. Kenneth M. Sobel

Associate Professor

Dept. of Electrical Engineering
The City College of New York
138th St. & Convent Ave.

New York, NY 10031

(212) 690-4241

Dr. Jonathan M. Spector
Assistant Professor

CSIS

Jacksonville State University
Pelham Road

Jatksonville, AL 36265

(205) 231-5718

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Deqree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

xxiit

|

Ph.D., Aerospace Eng., 1987
Solid Mechanics
F1ight Dynamics Laboratory

Ph.D., Biological Chem., 1967
Enzymology

Harry G. Armstrong Aerospace
Meaical Research Laboratory

Ph.D., Mechanical Eng., 1970
Chemical Combustion
Astronautics Laboratory

Ph.D., Nutrition, 1978
Dentistry
Wilford Hall Medical Center

Ph.D., Electrical Eng., 1980
Eigenstructure
Flight Dynamics Laboratory

Ph.D., Philosophy, 1978
Logic

Human Resources Laboratory:
Training Systems Division




NAME /ADORESS

Dr. Gary R. Stevens
Assistant Professor

Dept. of Statistics
Oklahoma State University
301 MS

Stillwater, OK 74078
(405) 624-5684

Dr. Patrick J. Sweeney
Asst. Dean of Engineering
University of Dayton

300 College Park, KL201
Dayton, OH 45469

(513) 229-2736

Or. Michael Sydor
Professor

Dept. of Physics
University of Minnesota
Duluth, MN 55812

(218) 726-7205

Or. Douglas G. Talley
Assistant Professor

Dept. of Mechanical Eng.
University of Michigan
313 Automotive Lab

Ann Arbor, MI 48109-2121
(313) 936-0429

Dr. David J. Townsend
Associate Professor

Dept. of Psycholoyy
Montclair State College
Upper Montclair, NJ 07042
(201) 893-7222

Dr. Donald R. Ucci
Associate Professor

Dept. of Elect. & Computer €£ng.

I111inois Inst. of Technology
3300 S. Federal

Chicago, IL 60616

(312) 567-3405

OEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

XxXiv

Ph.D., Statistics, 1986
Stochastic Processes
Occupational and Environment
Health Laboratory

Ph.D., Mechanical Eng., 1977
Computer Modeling
Flight Dynamics Laboratory

Ph.D., Physics, 1965
Optics, Material Science
Materials Laboratory

Ph.D., Mechanical Eng., 1978
Combustion
Aero Propulsion Laboratory

Ph.D., Cognitive Psy., 1982
Cognitive Science
Rome Air Development Center

Ph.D., Electrical Eng., 1986
Adaptive Arrays
Rome Air Development Center




NAME/ADDRESS

Dr. Ahmad D. Vakili

Associate Professor

Dept. of AE/ME

Univ. of Tennessee Space Inst.
Tullahoma, TN 37388

(615) 455-0631

Or. Richard S. Valpey
Assistant Professor
Dept. of Chemistry
Wilberforce University
Wilberforce, OH 45384
(513) 376-2911

Or. Peter J. Walsh

Professor

Dept. of Physics

Fairleigh Oickinson University
Teaneck, NJ 07666

(201) 692-2493

Dr. Kenneth L. Walter
Associate Professor

Dept. of Chemical Engineering
Prairie View A&M University
Prairie View, TX 77446

(409) 857-2827

Dr. Gwo~Ching Wang
Associate Professor

Dept. of Physics

Rensselaer Polytechnic Inst.
Troy, NY 12180-3590

(518) 276-8387

Or. Andrew P. Whipple
Associate Professor
Dept. of Biology
Taylor University
Upland, IN 46989
(317) 998-5333

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:

Degree:
Specialty:

Oegree:
Assigned:

Degree:
Specialty:
Assigned:

XXV

Ph.D., Aerospace Eng., 1978
Unsteady Flows

Arnold Engineering
Development Center

Ph.D., Organic Chemistry, 1983
Organic Synthesis
Materials Laboratory

Ph.D., Physics, 1960
Superconductivity
Rome Air Development Center

Ph.D., Chemical Eng., 1972
Chemical Engineering Process
Rome Air Development Center

Ph.D., Materials Science, 1978
Surface Sciences
Rome Air Development Center

Ph.D., Biology, 1979

Cell Biology

Harry G. Armstrong Aerospace
Medical Research Laboratory




NAME/ADDRESS

Prof. Sharon T. Williams
Instructor

Dept. of Chemistry

Southern University

Baton Rouge, LA 70813-2074
(504) 771-3990

Or. Lawrence A. Witt
Assistant Professor

Dept. of Psychology

Western T1linois University
Macomb, IL 61455

(309) 298-1593

Or. Frank A. Witzmann
Assistant Professor
Dept. of Biology
IUPUT - Columbus

4601 Central Avenue
Columbus, IN 47203
(812) 372-8266

Dr. William E. Wolfe
Associate Professor

Dept. of Civil Engineering
Ohio State University

2070 Neil Avenue

Columbus, OH 43210

(614) 292-0790

Dr. John R. Wright
Professor

Dept. of Chem., Physical Sci.
Southeast Oklahoma State Univ.

Box 4181, Station A, SEOSU
Durant, 0K 74701
(405) 924-0121

Prof. Wafa E. Yazigi
Instructor

Dept. of Mathematics
Columbia Basin College
2600 N. 20th

Pasco, WA 99301

(509) 547-0511

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degqree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

XXV

M.S., Biochemistry, 1981
General Chemistry
School of Aerospace Medicine

Ph.D., Psychology, 1985
Industrial/Organ. Psychology
Human Resources Laboratory:
Operations Training Division

Ph.D., Biology, 1981

Protein Analysis

Harry G. Armstrong Aerospace
Medical Research Laboratory

Ph.D., Engineering, 1979
Geotechnical Engineering
Flight Dynamics Laboratory

Ph.D., Chemistry, 1971
Biochemistry
School of Aerospace Medicine

M.S., Aeronautical Eng., 1986
Solid Mechanics
Armament (Laboratory




NAME/ADDRESS

Or. Lawrence F. Young
Associate Professor
Dept. of QA/IS, CBA
University of Cincinnati
ML 30

Cincinnati, OH 45220
(513) 475-7169

Or. Robert K. Young
Professor

Dept. of Psychology
University of Texas

Mezes 330, Psychology Dept.

Austin, TX 78713
(512) 471-9228

Dr. Juin S. Yu
Professor

Dept. of Mechanical Eng.
West Virginia Tech.
Montgomery, WV 25136
(304) 442-3248

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xxvii

D.Sc., Industrial Eng., 1978
Industrial Engineering

Human Resources Laboratory:
Logistics & Human Factors Div.

Ph.D., Exp. Psychology, 1954
Experimental Psychology

Human Resources Laboratory:
Manpower & Personnel Division

Ph.D., Mechanical Eng., 1964
Thermofluid Transport
Aero Propulsion Laboratory




PARTICIPANT LABORATORY ASSIGNMENT

xxviii




C. PARTICIPANT LABORATQRY ASSIGNMENT (Page 1)

1988 USAF/UES SUMMER FACULTY RESEARCH PROGRAM

AERO PROPULSION LABORATORY (AFWAL/APL)
(Wright-Patterson Air Force Base)
1. Bryan Becker
2 Mingking Chyu
3. Jerry Clark
4 Derek Dunn-Rankin

ARMAMENT LABORATORY (AD)
(Eglin Air Force Base)
Ibrahim Ahmad
Stephen Dow
Manuel Huerta
Anastas Lazaridis

WA

O ~Jdom,m

W ~Jdowu

Wayne Eckerle
David Mikolaitis
Douglas Talley
Juin Yu

Kwang Min

Joseph Molitoris
Shawky Shamma
Wafa Yazigi

HARRY G. ARMSTRONG AEROSPACE MEDICAL RESEARCH LABORATORY (AAMRL)

(wr1ght -Patterson AFB)
Praphulla Bajpai
Shankar Bale
Charles Covington
Barry Goett]l
Robert Masingale

U’Ib(ﬁ)l\)
« v e e

ARNOLD ENGINEERING DEVELOPMENT CENTER (AEDC)

(Arnold Air Force Base)
1. Eustace Dereniak
2. William Grissom
3. Darrell Hoy

ASTRONAUTICS LABORATORY (AL)
Edwards Air Force Base)
1. Clarence Calder
2 Phillip Christiansen
3. Susan Collins
4 David Jensen

AVIONICS LABORATORY (AFWAL/AL)
(Wright-Patterson Air Force Base)
1. Mike Burlakoff
2 Gerald Grams
3. David Hemmendinger
4 Mohammad Karim

EASTERN SPACE AND MISSILE CENTER (ESMC)

(Patrick Air Force Base)
1. Albert Heaney

xxix

4.
5

@~ ovWn

O ~wovWn

— WO W~

David Payne
Joseph Saliba
Sanford Singer
Andrew Whipple
Frank Witzmann

Manjit Jawa
Ahmad Vakili

Mark Norris
Jodye Selco
Rameshwar Sharma
Trilochan Singh

Robert Li

Periasamy Rajan
Panapakkam Ramamoorthy
Mateen Rizki




ELECTRONIC SYSTEMS DIVISION (ESD)

C. PARTICIPANT LABORATORY ASSIGNMENT (Page 2)

(Hanscom Air Force Base)
1. George Bratton
2. John Dalphin

ENGINEERING AND SERVICES CENTER (ESC)

FLIGHT

(Tyndall Air Force Base)
1. Wayne Charlie

2. David DeHeer

3. Deanna Durnford

4. Edward Greenwald

DYNAMICS LABORATORY (FOL)

(Wright-Patterson Air Force Base)

1. Larry Byrd

2. Karen Chou

3. Awatef Hamed

4, Yulian Kin

5. Augustus Morris

@ ~wow

- O O 3N

FRANK J. SEILER RESEARCH LABORATORY (FJSRL)

(USAF Academy)

1. Dan Bruss

2. Charles Bump
3. Richard Carlin
4, Michael McKee

GEOPHYSICS LABORATORY (AFGL)

(Hanscom Air Force Base)
Lucia Babcock
Stephen Baker
Pradip Bakshi
Reuben Benumof
Donald Collins
Michael Frantz

NP wn =

HUMAN RESOURCES LABORATORY (HRL)
(Brooks, Williams, and Wright-Patterson Air Force Bases)

Patricia Carlson
Kevin Ford

Hugh Garraway
Douglas Jackson
Charles Lance
Thomas Landers
Douglas Mandra

~NOAD WM~

XXX

8.
9

10.
11.
12.
13.
14.

Neil Hutzler

William Mounfield
Richard Myers
Ramalingam Radhakrishnan

Nanda Mukherjee
James Sherwood
Kenneth Sobel
Patrick Sweeney
William Wolfe

Tammy Melton
Patricia Plummer
James Schmutz

Christopher Godfrey
Janet Kozyra

Irving Lipschitz
John McHugh
Himanshoo Navangul
Martin Patt

Mufit Ozden
Dharam Rana
Sunita Rana
Jonathan Spector
Lawrence Witt
Lawrence Young
Robert Young




C. PARTICIPANT LABORATORY ASSIGNMENT (Page 3)

MATERIALS LABORATORY (ML)
(Wright-Patterson Air Force Base)

1. Robert Arenz 7. Vijay Gupta

2. Gene Carlisle 8. L. James Llee
3. Parvis Dadras 9. Thomas Meek

4. Suren Dwivedi 10. Carolyn Meyers
5. Barry Fussell 11. Michael Sydor
6. David Grossie 12. Richard Valpey

OCCUPATIONAL AND ENVIRONMENTAL HEALTH LABORATORY (OQEHL)
(Brooks Air Force Base)
1. Steven Chiesa 3. Larry Sherman
2. Randolph Huff 4. Gary Stevens

ROME AIR DEVELOPMENT CENTER (RADC)
(Griffiss Air Force Base)

1. Beryl Barber 7. Samuel Kozaitis
2. Keith Christianson 8. David Townsend
3. Darin DefForest 9. Donald Ucci
4, Paul Dingman 10. Peter Walsh
5. Hugh Donaghy 11. Kenneth Walter
6. 0leg Jakubowicz 12. Gwo-Ching Wang

SCHOOL OF AEROSPACE MEDICINE (SAM)
(Brooks Air Force Base)

1. Ronald Bulbulian 9. Hal Reed

2. John Burke 10. Thomas Rogge

3. Bennye Henderson 11. Joe Ross

4. Eric Johnson 12. Dhiraj Sardar
5. Daisy Kimble 13. Sonia Sawtelile
6. Harold Longbotham 14. Paul Scheie

7. David Ludwig 15. Sharon Williams
8. William Plachy 16. John Wright

WEAPONS LABORATORY (WL)
(Kirtland Air Force Base)
1. Lane Clark
2. David Dolson
3. William Jordan

Arkady Kheyfets
Leonard Porter
Michael Rice

(<A B € B )

WILFORD HALL MEDICAL CENTER (WHMC)
(Lackland Air Force Base)
1. David Cecil
2. Jorge Sintes

XXX i




RESEARCH REPORTS

xxx3i




RESEARCH REPORTS

1988 SUMMER FACULTY RESEARCH PROGRAM

Technical
Report
Number Title
Volume I
Armament Laboratory
1 Measuring Systems Effectiveness and
Systems Availability of Hardened
Targets Subject to a Variety of
Weapons
2 Model Drawing Algorithms for a
Matching Problem
3 Two Dimensional Simulation of
Railgun Plasma Armatures
4 Modeling Reactive Fragments
5 Target-Aerosol Discrimination
Techniques for Active Optical
Proximity Sensors
6 The Dynamics of Projectile Impact
7 ARIMA Modeling of Residuals in
AD/KR TDOP Models
8 Stress Analysis for a Fin

Stabilized Projectile

Arnold Engineering Development Center

9 Infrared Charge Transfer Device
Characterization

10 Liquid Film Cooling In Rocket Engines

N Diffuser Failure Investigation/Non-

Interference Stress Measurement
System Algorithms Study

12 Solid Rocket Motor Plume Analysis
Through Emission Computerized
Tomography

13 Skin Friction Measurement Using

Surface Mounted Hot Films

xxxiii

Or.

Dr.

Dr.

Dr.

Dr.

Or.

Dr.

Dr.

or.

Or.

Or.

Dr.

Dr.

Professor

Ibrahim Ahmad

Stephen Dow

Manuel Huerta

Anastas Lazaridis

Kwang Min

Joseph Molitoris

Shawky Shamma

Wafa Yazigi

Eustace Dereniak

William Grissom

Darrell Hoy

Manjit Jawa

Ahmad Vakili




Astronautics Laboratory

14

15

16

11

18

19

20

21

Eastern Space
22

Study of Embedded Sensors in
Graphite-Epoxy Composites

Core Polarization in Lithium and
Aluminum

The Photochemistry of u3-
(n-Diethylacetylene)-
Decacarbonyltriosmium in Solid Argon

Composite-Embedded Fiber-Optic
Strain Sensors

Observer Design for the AFAL Grid
Structure Using Low-frequency
Accelerometer Data

Photochemistry of Azulene Solutions
and a Novel Photochemical Nitration
Process

Injection System and Spray
Characteristics

Chemical Kinetic Mechanisms for
CHa/NO2/0y Flames

and Missile Center
Generic Requirements for a
CAE/CAD/CAM System

gElectronics Systems Division

23

24

Alaskan HF Test Data Analysis

Stage 1 Analysis of Alaskan High
Frequency Radio Network

Engineering and Services Center

25

26

21

28

High Intensity Stress Wave
Propagation in Partially
Saturated Sand

Individualization of Human Tissue
by the Serologic Identification
of Erythrocyte Antigens

Estimation of Jet Fuel Contamination
in Soils

Cogeneration Assessment on Military
Bases

XXXiv

Dr.

Or.

Or.

Dr.

Dr.

Dr.

Or.

Oor.

Dr.

Or.

or.

Or.

Dr.

Or.

or.

Clarence Calder

Phillip Christiansen

Susan Collins

David Jensen

Mark Norris

Jodye Selco

Rameshwar Sharma

Trilochan Singh

Albert Heaney

George Bratton

John Dalphin

Wayne Charlie

David DeHeer

Deanna Durnford

tdward Greenwald




29

30

31

32

Volume II

Soil Vapor Extraction of Volatile
Organic Chemicals

A Preliminary Investigation of
Neural Networks for the Air Force
Engineering and Services Center

Rapid Measurements of Adsorption
and Desorption of Volatile Organic
Compounds

Prefabricated Hypar Structural
System Cost Comparison with Box
and Arch Structures

Frank J. Seiler Research Laboratory

33

34

35

36

37

38

39

Thermal Decomposition Kinetic
Studies of NTO by High Performance
Liquid Chromatography

Preparation and Properties of
Nitronium Tetrachloroaluminate

Homogeneous Ziegler-Natta Catalysis
in Lewis Acid Molten Salts

A MCSCF Study of the Rearrangement
of Nitromethane to Methyl Nitrite

The Effects of Sodium Chloride
on Room Temperature Molten Salts

AB Initio and Chemical Dynamics
Study of Energetic Materials

Separators for Molten Salt Batteries

Geophysics Laboratory

40

41

42

43

Radiative Association In Ion-
Molecule Reactions: Reactions of
Some Carbon Cations

Upward Continuation of Gravity Data
With Error Estimates

Impulse Approximation Formalism
for Atom Molecule Collisions

Total Dose Effect on Soft Error
Rate for Dynamic MOS Memory Cells

XXXV

Or.

Or.

Dr.

Dr.

Or.

Or.

Or.

Or.

Or.

Or.

Or.

Dr.

Dr.

Or.

Dr.

Neil Hutzler

William Mounfield

Richard Myers

Ramalingam Radhakrishnan

Dan Bruss

Charles Bump

Richard Carlin

Michael McKee

Tammy Melton

Patricia Plummer

James Schmutz

Lucia Babcock

Stephen Baker

Pradip Bakshi

Reuben Benumof




44 Digital Photometric Calibration of Dr. Donald Collins
and Analysis with Video Imagers in
the Ultraviolet

45 A Model for Intensified Frontogenesis Dr. Michael Frantz
Over a Modified Mountain Ridge

46 Gamma and X Radiation from Solar Dr. Christopher Godfrey
Flares
47 Theoretical and Observational Studies DOr. Janet Kozyra

of Geomagnetic Storm-Related Ion
and Electron Heating in the
Subauroral Region

48 Update of the Hitran Database Dr. Irving Lipschitz
49 Spectral Domain Decomposition Or. John McHugh
50 On the Possibie Inclusion of "Heavy" Dr. Himanshoo Navangul

Molecules in the HITRAN Database

51 Software Tools for Processing Dr. Martin Patt
Large Lidar Data Streams

Rome Air Development Center

52 Noise Calculations in a RADAR Dr. Beryl Barber
Receiver
53 Stability of Au/W/GaAs and Dr. Keith Christianson

Au/Pt/Ti/GaAs Schottky Barrier
Height: A Preliminary Study

54 Parallel Runtime System For Lucid Dr. Darin Deforest

55 Pre-Sort Processor Phase Distortion Dr. Paul Dingman
Evaluation

56 A PROLOG Natural Language Front End Dr. Hugh Donaghy
to an ERIC Object Oriented Database

57 No Report Submitted at this Time Dr. Oleg Jakubowicz

58 Design of an Optical Correlaton.. Dr. Samuel Kozaitis

Testbed and Optical Co-Processor

59 Characteristics of Dialog in a Noisy Dr. David Townsend
Channel for Performing a Time-
Oriented Task

60 The Effects of Nonlinearities of High Dr. Donald Ucci

Speed Analog-to-Digital Converters
on Digital Beamforming Arrays .

XxxXvi




61
62

63

Studies in Microwave Superconductors

Chemical Vapor Deposition of
Titanium Compounds with an Atomic
Layer Epitaxy System

Surface Effects on the High
Temperature Superconducting
YBaCuO Thin Films grown by
RF Sputtering

Weapons Laboratory

64

65

66

67

68

69

Volume III

Realization of Sublayer Relative
Shielding Order in Electromagnetic
Topology

Diode Laser Probe of vibrational
Energy Transfer Kinetics in Sulfur
Monoxide

Evaluating How Laser Irradiation
Damages Loaded Composite Materials

Relativistic Effects in GPS Time
Transfer

Stopping Power and Penetration
Physics

Performance Models for Parallel
Algorithms

Air Force Wright Aeronautical Laboratories
Aero Propulsion Laboratory

70

n

12

13

Computation of the Fiow Field and
Heat Transfer in a Rectangular
Passage with a Turbulator

Use of Laser Light visualization
Techniques on Studies of Film
Cooling Flow And Flow Over Cavities

Experimental Study of Electronic
Excitation of Xenon by Electon
Impact

Cars Thermometry in Droplet-Laden
Flows

xxxvii

Or.

Or.

Dr.

Dr.

Dr.

Or.

Dr.

Dr.

Dr.

Or.

Dr.

Or.

or.

Peter Walsh

Kenneth Walter

Gwo~Ching Wang

Lane Clark

David Dolson

William Jordan

Arkady Kheyfets

Leonard Porter

Michael Rice

Bryan Becker

Mingking Chyu

Jerry Clark

Derek Dunn-Rankin




74

15

16

77

Measurement of the Velocity Field
and Heat Transfer Coefficients
Associated with a Rectangular
Wall Jet

Lifted Jet Diffusion Flames

Interpretation of a Lifted Turbulent
Diffusion Flame as a Problem in
Stratified Combustion

Diffusion and Convection in the
Condenser of a Gas-Loaded Heat
Pipe

Avionics Laboratory

18

19

80

81

82

83
84

85

Ada Compiler Evaluation Capability

A Study of Sky Backgrounds and Sub-
Visual Cirrus at the Megalidar Site
and a Proposed Turbulence Monitoring
Facility for Wright-Patterson AFB

Formal Verification of VHDL
Specifications

Low Voltage Broadband Beam Steering
Devices Using Liquid Crystals

Model-based Target Recognition
Using Laser Radar Imagery

Signal Processing for ESM Receivers

Neural Networks and their Applica-
tions in Digital Receiver Design

Applications of Evolutionary
Learning Strategies to Pattern
Recognition Tasks

F1ight Dynamics Laboratory

86

87

88

Heat Flux Prediction for Nucleate
Boiling in Liquid Metal Heat Pipes

Reliability Study of Nonlinear
Structural Response under Reversible
Cyclic Loading Processes

Survey and Assessment of Validation
Data Base for Shockwave Boundary
Layer Interaction in Supersonic
Inlets

xxxviii

Or.

Dr.

Dr.

Or.
Or.

Dr.

Or.

pr.

or.

Or.

or.

Oor.

or,

Or.

Wayne Eckerle

David Mikolaitis

. Douglas Talley

Juin Yu

Mike Burlakoff

Gerald Grams

David Hemmendinger

Mohammad Karim

Robert Li

Periasamy Rajan

Panapakkam Ramamoorthy

Mateen Rizki

Larry Byrd

Karen Chou

Awatef Hamed




89

90

N

92

93

94

95

Failures of F-16 Transparencies
Analysis and Failure Prevention
Recommendations

Visual Capabilities on a Robot
Aided Aircraft Refueler Prototype

Reaction Kinetic of Halon 1301
Suppression of Fire Explosion in
an Aircraft Fuel Tank

Development of an Aircraft Tire-
Wheel Interface Model for
Flange/Beadseat Contact Loads

Robust Eigenstructure Assignment
for Flight Control Design

A Computer Model for Air-to-Air
Combat (Force on Force) Assessment

Damage in Graphite/Epoxy Plates
Subjected to Low Velocity Impact

Materials Laboratory

96

97

98

99

100

101

102

Analysis Methods for Nonlinear
Mechanical Behavior of Glassy
Polymers

Laser Hardened Materials Via
Magnetically Aligned Polypeptide-
Phthalocyanines

Joining of Carbon-Carbon Composite
Materials

Rapid Simulation for Experimental
Validation of H Section Forging
Using Finisher Punch

QPA Control of the End Milling
Process

Single-Crystal Diffraction Analysis
of Compounds with Potential
Nonlinear Optical Properties

Effect of Various Metals on the

Thermal Degradation of a
Chlorotrifluorethylene Based Fluid

xxxix

or.

Mr.

Dr.

Dr.

Dr.

Dr.

Or.

Dr.

Dr.

Or.

or.

Dr.

Dr.

Oor.

Yulian Kin

Augustus Morris

Nanda Mukherjee

James Sherwood

Kenneth Sobel

Patrick Sweeney

William Wolfe

Robert Arenz

Gene Carlisle

Parviz Dadras

Suren Dwivedi

Barry Fussell

David Grossie

Vijay Gupta




103

104

105

106

107

Volume IV

Characterization of Heat Transfer
and Reaction in the Autoclave
Curing of Graphite/Epoxy
Composites by Scaling Analysis

A Study of the Melting of the
Plagioclase Feldspars in a
Microwave Field

Reaction Zone Characeristics of
Titanium Aluminide Composites

Photoreflectance Measurements of
Unintentional Impurities in
Undoped Galium Arsinide

The Synthesis of 2-Formyl
Pyridoimidazoles

Human Systems Division Laboratories

Harry G. Armstrong Aerospace Medical Research Laboratory

108

109

110
111

12

113

114

115

116

Ceramic Composites for Studying Bone
Ingrowth and Remodeling

In Vitro Cytotoxic Effects of Per-
fluorodecanoic Acid on Human Peri-
pheral Blood Lymphocytes

Auditory Modeling

Cognitive Demands of Tracking
Strategies as Assessed by the
Optimum-Maximum Procedure

Evaluation of an Extraction Procedure
for the Analysis of Serum Steroids

Performance in a Visual Monitoring
Task with Serial and Simultaneous
Display Formats

A Nonlinear Lumped Parameter Mode)
for the Seated Humans

In Vitro Modeling of Perfluoro-N-
Decanoate Effects on Enzymes of
Fatty Acid Metabolism

Perfluorodecanoic Acid Efflux from
Cultured Primary Rat Hepatocytes

XXXX

or.

Dr.

or.

Or.

Dr.

Dr.

Or.

Or.
Or.

Dr.

Dr.

Or.

or.

Dr.

L. James Lee

Thomas Meek

Carolyn Meyers

Michael Sydor

Richard Valpey

Praphulla Bajpai

Shankar Bale

Charles Covington

Barry Goettl

Robert Masingale

David Payne

Joseph Saliba

Sanford Singer

Andrew Whipple




117

118

119

120

121

122

123

124
125

126

121

128

129

Determination of Perfluoro-N-
Decanoic Acid Toxicity in Vitro
and in Vivo Via Two-Dimensional
Polyacrylamide Gel Electrophoresis

Human Resources Laboratory

Hypertext and Intelligent Interfaces
for Text Retrieval

Linking Training Evaluation to
Training Needs Assessment:
Development of a Conceptual Model

A Concept for an Intelligent Tool
to Facilitate the Development of
Qualitative Process Models in
Novice Programmers

A Tool foar Studying the Effect of
Range Restriction on Correlation
Coefficient Estimation

Evaluation of a Methodology for
Estimating Cross-AFS
Transferability of Skills

An Expert System Approach for
Reliability Data Analysis

No Report Submitted at this Time

Graphical Programming of Simulation
Models in an Object-Qriented
Environment

A Study of Interaction Between Job
Properties and Personal
Characteristics in the New PACE
System

An Intelligent Tutor for the IBM
System/360 Assembly Language:
BIGBLUE

Preliminary Design Considerations
for an Advanced Instructional
Design Advisor

Effectiveness of Contract Monitors
In An Air Force Human Resources
Laboratory: Prediction and
Measurement

xxxX i

Or.

Dr.

Or.

Dr.

or.

Or.

or.

Or.

Or.

Dr.

or.

Or.

Or.

Frank Witzmann

Patricia Carlson

J. Kevin Ford

Hugh Garraway

Douglas Jackson
Charles Lance

Thomas Landers

Douglas Mandra

Mufit Ozden

Dharam Rana

Sunita Rana
Jonathan Spector

Lawrence Witt




130

131

132

133

134

135

Computer Support of Creativity in
Unified Life Cycle Engineering

The Relationship Between
Inspection Time and Intelligence

Occupational and Environmantal Health Laboratory

Soivent Extraction of Boron From
Wastewater

Extention of the Detection Limits
of Arsenic and Selenium in Solid
Samples by ICP/AES Utilizing
Preconcentration Techniques

Determination of Asbestos Fibers
in Environmental Samples Using
Scanning Electron Microscopy and
Energy Dispersive X-ray Analyses
(SEM-EDXA)

Analysis of Contaminated Ground
Water Using Kriging Methods

School of Aerospace Medicine

136

137

138

139

140

141

142

Blood Flow Distribution In The
Non-Working Forearm During Exercise

Photophysics and Photochemistry of
Transition Metal Complexes of
8-Quinolinamine Schiff Bases

Immunocytochemical Localization of
Vasoactive Intestinal Peptide,
Neuropeptide Y and Arginine
Vasopressin within the Supra-
chiasmatic Nuclei of the Rat

Development of Improved Assays for
Cholesterol and Major Lipoprotein
Fractions

Plasma Catecholamine Assays by High
Performance Liquid Chromatography

Application of Nonlinear Filters
to VEP Data

Extensions of Several Difference
Score Approaches for the Analysis
of Time Ordered Repeated Measures

XXXX73i

or.

Dr.

or.

Or.

Or.

Dr.

Dr.

Dr.

Or.

or.

Dr.

or.

Or.

Lawrence Young

Robert Young

Steven Chiesa

Randolph Huff

Larry Sherman

Gary Stevens

Ronald Bulbulian

John Burke

Bennye Henderson

Eric Johnson

Daisy Kimble

Harold Longbotham

David Ludwig




143 Spin Label Studies of Oxygen in Dr. William Plachy
Biological Systems

144 The Stinging Wasps (Hymenopter: Dr. Hal Reed
Vespidae) of South Texas

145 Modeling of Blood Flow in the Dr. Thomas Rogge
Systemic Human Arterial Tree

146 The Separation of HDLZ and HOL3 Dr. Joe Ross
Using the Technique of Ultra-
centrifugation

1417 An Experimental Design to Dr. Dhiraj Sardar

Demonstrate the Dispersion Effects
of Salt Water on OPTICAL PULSES

148 Literature Search on Nutrition and Dr. Sonia Sawtelle
the Relation to Tactical Air
Command Pilots, G-Tolerance and
Energy Output

149 A Small Inert-Gas Generator Dr. Paul Scheie

150 High Performance Liquid Dr. Sharon Williams
Chromatography (HPLC) Determination
of High Energy Phosphate Pool

151 Chemiluminescent Probes Based on Dr. John Wright
Luminol and Luminol Derivatives

Wilford Hall Medical Center

152 PC - Mainframe Interface for Data Dr. David Cecil
Entry
153 Oral Health Dr. Jorge Sintes
1889s
xxxxiii

e




1988 USAF-UES SUMMER FACULTY RESEARCH PROGRAM/

GRADUATE STUDENT SUMMER SUPPORT PROGRAM

Sponsored by the

ATR FORCE OFFICE OF SCIENTIFIC RESEARCH

Conducted by the

UNIVERSAL ENERGY SYSTEMS, INC.

FINAL REPORT

THERMAL DECOMPOSITION KINETIC STUDIES OF NTO

BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Prepared by:
Academic Rank:
Department and
University:
Research Location:

USAF Research
Colleague:

Date:

Contract No:

Dan R. Bruss

Assistant Professor

Department of Physical Sciences
Albany College of Pharmacy
Albany, New York

Frank J. Seiler Research Laboratory/
NC (AFSC) USAF Academy, CO 80840

Joseph A. Menapace
15 August 1988

F49620-87-R-0004




BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

by

Dan R. Bruss

Abstract

Thermal decomposition of 3-nitro-1i,2,4-triazol-~5-one
(NTO) was monitored over a temperature interval of 508-518
K. Rate constants were obtained for the temperatures
investigated by measuring unreacted NTO as a function of
time as determined by high performance liquid
chromatography. The decomposition patterns are indicative
of an autocatalytic mechanism. The temperature dependerce
of the rate constants found in the interval exhibited
Arrhenius behavior, yielding an activation energy of 75.5
kCal + 9.3 kCal. Mass spectral analysis of head space gas
samples taken during decomposition demonstrate carbon
dioxide as a decomposition product. Preliminary UV and IR
analyses of NTO suggest a shift from the more stable keto

form to the enol near a pH of 7.
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I. INTRODUCTION

Compounds that exhibit improved performance as
energetic materials are of considerable interest for both
commercial and defense applications. An understanding of
the chemistry involved in the very early stages of
decomposition of these compounds may be useful, not only
from a physical organic perspective, but also may prove to
be a valuable tool in designing propellants and explosives
in the future.

Considerable progress has been made in understanding
the fundamental reaction mechanism involved in the thermal
decomposition of TNT in the condensed phase.l=3 virtually
nothing, however, is known about the initial decomposition
chemistry of the nitroheterocycle 3-nitro-1,2,4-triazol-5-
one (NTO), which has recently been reported as an
insensitive high explosive.4:5

To initiate the investigation, a methodology to
monitor the kinetics of NTO and related compounds needed to
be established. High performance liquid chromatography
affords a convenient, quantitative, non-destructive direct
measurement of compound present. At the same time it
provides a method to possibly detect and separate
intermediates. With this in mind it was decided to explore

HPLC as a kinetic tool.
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The author has had previous experience in HPLC
analysis, monitoring PCB levels in biological samples. In
addition his current research interests include
investigation of the mechanistic chemistry involved in
metal mediated pinacol coupling of cycloalkanones to form
diols and their subséquent acid catalyzed rearrangement to
yield spiranones. Both of these experiences contributed to
his assignment to the energetic materials project at the

Frank J. Seiler Research Laboratory.

IT. OBJECTIVES

To monitor the disappearance of NTO, a suitable
separation scheme affording good resolution in a reasonable
time frame, needed to be established. Once set up,
measurements of loss of NTO at a given temperature could be
carried out to provide a plot of weight of remaining NTO as
a function of time. Replicate plots at several
temperatures would then be carried out in an effort to
provide a preliminary energy of activation for the thermal
decomposition reaction. At the same time, detection and
characterization of any stable intermediates would be

pursued.

IITI. METHODS AND DISCUSSION

Unlike TNT, which was the predecessor in decomposition
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studies by HPLC,® the nitrated heterocyle NTO is quite
polar with unusual solubility characteristics. 1Initial
attempts to monitor NTO utilizing a standard reverse phase
column with a water/methanol gradient system proved
unworkable, since NTO eluted very early regardless of the
gradient. On the other hand, normal phase separation was
ineffective since NTO exhibited a very long or unacceptably
short retention time with a variety of solvent systems.
Finally an isocratic water/1% acetic acid solvent system
delivered through a bonded cyano column provided a sharp
NTO peak at seven minutes which was readily detected at
254 nm.

In the process of establishing these conditions, the
NTO peak changed from a sharp single peak to two sharp but
poorly resolved peaks and finally back to a single peak as
the concentration of acetic acid was slowly increased in
increments from 0.1% to 0.5%. This suggested that perhaps
a shift from the more stable keto form to the enol was in
progress. Samples of NTO were then analyzed by UV and IR
spectroscopy at various pH conditions. Samples analyzed in
the approximate 3-6 pH range exhibited a lambda max at 317
nm while at higher pH the lambda max shifted to 343 nm. To
rule out a simple solvent effect, IR spectra were taken of
two samples in both of the pH ranges. The sample buffered

in a low pH showed a strong absorption at 1720 cm~l, while
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the more basic sample exhibited a strong, broad absorption
in the 3400 cm~l region and a shift of the carbonyl peak to
1640 cm~1, suggesting the presence of OH and C=N
functionalities, respectively. Preliminary carbon NMR data
gave no conclusive evidence.

With a suitable NTO assay in hand, thermal
decomposition analyses were then carried out. Each run
consisted of accurately weighed 100 mg samples of NTO
contained in 20cm x 8mm tubes which were loosely fitted
with corks. Twelve of these tubes were heated in a
fluidized bath at a preset stabilized temperature. In
addition, a blank was also prepared but not heated. The
tubes were then removed from the bath and immediately
quenched in ice water at regular 20 minute intervals. The
tubes were then weighed to record weight loss.

The quenched samples were pipetted from the tubes as a
DMSO solution or suspension and transferred to 2 mL
volumetric flasks. The tubes were then washed with
additional DMSO to assure complete transfer of NTO and
precipitate, taking care to bring the volume to just 2 mL.
A 50 microliter sample from each flask was then transferred
to separate 5 mL vials. Each vial was tared and 2.5000
grams of water added. Analysis proceeded by injecting 20
microliters of diluted sample into the HPLC. The area of
the NTO peak was then normalized to give an accurate

reading of milligrams NTO remaining for each sample.
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Duplicate decomposition runs were conducted at 235 ©cC,
240°9C, and 245°C along with a single run at 238°C. The
corrected weight of NTO was then plotted as a function of
time. In each case, the decomposition patteri. showed an
initial induction period with minor weight loss followed by
rapid decomposition. Such a pattern is typical of an
autocatalytic reaction mechanism. With this mechanism as a
model, the data was then plotted as the log (100-X)/X as a
function of time where X= the amount of NTO at a given
time. The slopes of these linear plots correspond to the
respective rate constants. Both types of plots are
graghicallly represented for each of the temperatures
investigated as illustrated by Figures 1-4.

The rate constants derived from the graphs were then
used to construct an Arrhenius plot, the slope of which
provides a first approximation of an activation energy.
This corresponds to 75.5 +/- 9.3 kCal/mole and is
summarized in Figure 5.

Since no intermediates were, as yet, discovered by the
HPLC system currently employed, but a decrease in the
amount of NTO along with concomitant weight loss was
occurring during the course of reaction, it was felt that
analysis of the head space gases of the reaction tubes be
carried cut by mass spectrometry. Several tubes each again

containing 100 mg NTO were fitted with rubber septa and the
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head gases evacuated by means of a vacuum pump. The tubes
were then placed in the fluidized bath set at 240°cC.
Several microliters of gas sample were removed from the
tube at regular intervals using an air tight syringe. The
samples were subsequently analyzed by GC-MS. In all cases
a substantial ion at mass 44 was observed after background
subtraction. While it was not possible to accurately
determine the rate of change in the amount of CO, for these
samples with the system of analysis being used, the
experiment clearly showed that carbon dioxide was being

generated during the course of the reaction.

IV. RECOMMENDATIONS

With the kinetic data obtained from this summer’s
work, several avenues need to be pursued. Two further
mechanistic probes can readily be followed by the
methodology already established. The kinetic order of NTO
can now be determined by comparing the NTO concentration
profiles measured by using half or one and a half the
initial amount of NTO in a given decomposition reaction.
The extent of a deuterium isotope should also be
investigated. Perdeuterated NTO is readily obtained by
refluxing a saturated solution of NTO in D0, with the
purified compound obtained from simple recrystallization.

Ancillary studies pertinent to elucidation of the
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decomposition mechanism include: radical trapping
experiments designed to characterize reactive
intermediates; synthesis and decomposition studies of
analogs devoid of labile hydrogens, as well as those
containing labeled atoms suitable for analysis by electron
spin resonance or mass spectrometry; and complimentary

decomposition studies by DSC or ESR.
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Preparation and Properties of Nitronium Tetrachloroaluminate

by
Charles M. Bump

ABSTRACT

Liquid nitryl chloride (NOZCl) at -80° reacts with solid aluminum
chloride to produce a yellow solid. The UV-visible spectrum of this
adduct is identical to that of commercial nitronium tetrafluoroborate
in dry acetonitrile. Aluminum-27 magnetic resonance spectroscopy
showed the presence of tetrachloroaluminate ion. The compound is
tentatively labeled nitronium tetrachloroaluminate, although there
is an alternate structure possible for this adduct. The adduct does
not nitrate benzene or toluene in good yield using the acidic or

neutral chloroaluminate melts.
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1 INTRODUCTION

During the 1987 SFRP, I investigated nitryl chloride (NO2Cl) as
a nitrating agent for aromatic compounds in acidic chloroaluminate

melts.1

Nitryl chloride successfully nitrated a number of aromatics
including acetophenone, but it also reacted with the melt. Separate
reactions of nitryl chloride with the components of the melt were
carried out. An adduct of nitryl chloride with aluminum chloride

was discovered. That compound nitrated benzene when that adduct and
neat benzene were combined in a qualitative reaction. No yield data
was taken, but most of the aromatic species present at the end of the

reaction was unreacted benzene. The nitration reaction may be represented

Mo
+ [NOZCl'AlC13] > + HC1l + A1C13 (D)

The formation of such an adduct was a surprise from the standpoint that

as reaction (1)

Batey and Sisler reported that nitryl chloride did not react with
Lewis acids except through vigorous oxidation-reduction paths.2
The structure of such an adduct was unclear. Olah proposed a complex
between nitryl chloride and aluminum chloride (ClNO.O:AlCl3) as an
jntermediate in the nitration of benzene with nitryl chloride and
aluminum chloride in nonaqueous solvents.3 The other structural
possibility is coordination by the chlorine of nitryl chloride.

Equally unclear was the ability of this adduct to affect nitrations.
Nitryl chloride reacted with the methylethylimidazolium chloride in

the melt to give chlorinated nitroimidazolium compounds. The
effectiveness of nitryl chloride as a nitrating agent for less activated
aromatics such as acetophenone depend on the aromatic being a better
substrate for the nitrating agent than is the imidazolium chloride.

A means of minimizing this side reaction would make deactivated

aromatics such as acetophenone, and possibly nitrobenzene, good
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substrates for nitration. The reaction of nitryl chloride and

methylethylimidazolium chloride is shown below.

‘”}'fd’r o 7%@’ + cu;Q
e

G My

(2)

My interest in synthetic chemistry and electrochemistry as well as
my participation in the 1987 SFRP led to my assignment to continue

the work begun the previous summer.
11 OBJECTIVES OF THE RESEARCH EFFORT

The specific objectives for the 1988 summer research period were;
1) to characterize the adduct between nitryl chloride and aluminum
chloride, 2) to use that adduct to nitrate benzene in chloroaluminate
melts, 3) to employ the acidic melt in catalytic amount compared to
nitryl chloride dissolved in methylene chloride to nitrate benzene
while minimizing the imidazolium nitration, and 4) to use MOPAC4
semi-empirical calculations to better understand the reaction

between nitryl chloride and aluminum chloride.

ITI SYNTHESIS AND PHYSICAL PROPERTIES OF THE ADDUCT OF NITRYL CHLORIDE
AND ALUMINUM CHLORIDE

Nitryl chloride was generated following the procedure of
Kaplan and Shechter.5 Fuming nitric acid (907, d=1.5), 8.00 g was cooled
to 0° in a three-neck flask set in an ice-water bath. The flask was
fitted with a solid glass stopper, an addition funnel, and a bent adapter
which led to a receiving flask. A magnetic stirring bar was included to
provide agitation. The apparatus was oven dried at 100° overnight and
fitted with CaCl, tubes to keep the glassware free of water. Fuming
sulfuric acid (307 SO3), 9.8 g was added to the nitric acid to remove

water from that source. Chlorosulfonic acid, 8.0 ml was added dropwise
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via the addition funnel while the mixed acids were maintained at 0°.

A receiving flask cooled to -80° in a dry ice-acetone bath held the
nitryl chloride thus prepared. Pulverized anhydrous aluminum chloride,
6.6g, was added to the liquid nitryl chloride. A mild exotherm was
observed. The flask was stoppered with a gas inlet adapter, the stopcock
closed, and the mixture stored in a freezer for four days at -20°.

At the end of the reaction period, unreacted aluminum chloride was
removed by sublimation at 100° under a 1 torr vacuum. The unsublimed
material was subjected to soxhlet extraction with nitromethane

in order to remove any aluminum hydroxides from the adduct. The
nitromethane solution thus obtained was evaporated to dryness to give
10.2 g of a yellow to yellow-brown solid.

The yellow color immediately indicates that free nitronium ion
(N02+) is NOT present, as Olah reports that all stable nitronium salts
are white.6

The adduct is soluble in nitromethane and acetonitrile, providing
that those solvents are anhydrous. The UV-visible spectrum of the

adduct in acetonitrile dried over alumina gave a of 232 nm.

A max
Authentic nitronium tetrafluoroborate in the same solvent gave a

)‘max of 235 nm. In dissolving in acetonitrile, the adduct's color
disappeared and no visible absorbance was recorded. In acetonitrile
solution, nitronium ion is apparently present.

Aluminum-27 magnetic resonance spectroscopy in nitromethane
revealed a peak near 10l ppm versus Al(H20)6+3, characteristic of the
tetrachloroaluminate ion AlCla-.7 Aluminum chloride impurities
appear at 97 ppm. From the UV-visible spectrum and the Al-27
magnetic resonance spectrum, the adduct of nitryl chloride and
aluminum chloride was tentatively formulated as N02+A1C14_ ,
nitronium tetrachloroaluminate.

An infrared spectrum of this nitronium tetrachloroaluminate gave
a peak at 2431 em™l. olan reports that a peak at 2360 cn ! is
characteristic of stable nitronium salts.® The sample did show

considerable aluminum hydroxide present by a strong OH band. The

slightly higher frequency (in em™ 1) would correspond to a more energetic
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and more angular 0-N-O bond than the linear one for a pure nitronium

ion.

v SEMI-EMPIRICAL CALCULATIONS OF STRUCTURES FOR NITRONIUM
TETRACHLOROALUMINATE

MINDO calculations of optimized geometries in the gas phase were
performed using MOPAC*. Geometries for a series of nitronium

tetrahaloaluminates and tetrahaloborates are summarized below.
d =Y
Ca\\ /
b C
e e
/ \x
0

X HA7 NO,YX
Yoot + 81,477

X Y ol offlo 2% f&Y  x{¥ NO, T + structure

F B -239.06 175.91 2.37 1.42 107.48 -394.21 N02+BF4_

Cl B -69.06 127.57 1.81 5.88 89.82 111.19 NO,C1°BCl,
Br B -13.14 126.63 1.90 6.31 89.90 122.84 NO,Br*BBr4
I B 42,12 122.68 2.10 6.03 90.79 116.49 NO,I"BI4

F Al -292.52 133.48 .40 1.84 99.64 92.78 NOZF'A1F3
Cl Al -122.69 127.62 1.81 6.73 92.90 90.22 NO,C1-Al1CL,
Br Al -39.71 125.69 1.90 7.29 91.99 108.99 NO,Br-AlBr4
I Al -44.92 122.78 2.10 6.37 102.45 114.36 NO,I-Allq

Evidently, nitronium tetrafluoroborate is the only compound predicted

to dissociate readily into nitronium ion and tetrafluoroborate ion.
Olah proposed a complex between nitryl chloride and aluminum

chloride as an intermidiate in the nitration of aromatics with

nitryl chloride.3 This complex features oxygen-aluminum interaction.

Such a structure would reflect a greater negative charge on oxygen

than on the chlorine of nitryl chloride and hence would be more

susceptible to reaction with a Lewis acid. An optimized geometry
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is presented below.

[ty /dd A= -122.3)

T LA V’- w03, [
nb}?—’oﬁojmf H(\U‘J
A

2/7.92

The heat of formation of this complex is, for all practical purposes,
identical with the N02C1°AlCl3 complex. Further, the two iosmers are
-spectroscopically indistinguishable from the UV-visible and Al-27
magnetic resonance point of view. Acetonitrile can serve as a

nucleuphile to release nitronium ion as illustrated in reaction (3).

A d 0
' 0
.M 44/@ \ ———7 C: . i
O’J‘J 6#3 _A@/D.A@/cg ﬁ/@ /@ -

q 0

Likewise, the magnetic resonance :$pectrum presumed to be that of

AlClA’ is that of aluminum with four electronegative elements

attached to it: four chlorines or three chlorines and one oxygen

will produce that same result. Thus the two isomers are spectroscopically
indistinguishable. It is even possible that the compound isolated is

a mixture of btoth structures. Olah's complex would react in the acidic

melt as shown below.

@V& —02770 @—:\O;;OMU @‘5\ ‘ﬂ/C/ o
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The N02C1°A1Cl3 complex would react in the acidic melt as follows.

q o
- g 4 &L@ﬂwu TA),W .
% E.u % oY ',4/6/7“

0 \/
' B 3
”{%567 MY s 2 T
< ! 7
D

The success of the reaction depends on the N02Cl - AlCl3 distance
remaining small, held by electrostatic attraction. Otherwise, a
three-body collision (benzene, N02Cl, A12Cl7_) is required to form the
sigma complex from the pi complex. Heptachlorogluminate presumably
cannot abstract the nitryl chloride chlorine directly, forming

free nitronium ion, as it is sterically shielded from such attack.
v REACTIONS OF NITRONIUM TETRACHLOROALUMINATE WITH BENZENE AND TOLUENE

An ionic liquid solvent of C.500 mole fraction aluminum chloride
was prepared from 2.38 g of aluminum chloride and 2.62 g of
methylethylimidazolium chloride. The aluminum chloride was added
slowly to the imidazolium chloride in an anhydrous, anaerobic glove
box. An ionic liquid of apparent mole fraction 0.667 aluminum
chloride was prepared in a similar manner from 6.46 g aluminum
chloride and 3.54 g methylethylimidazolium chloride. A ratio of
aromatic: nitrating agent: melt was maintained at 1:1.5:1 throughout
the investigation. Reactions were quenched with water and brought
to pH 10 by the addition of KOH. The alkaline mixture was extracted
with methylene chloride. Product identification was made on the basis
of retention times of authentic compounds. Quantitative data was
obtained on the basis of response factors of authentic compounds
with respect to m-xylene as an internal standard.9

Nitronium tetrachloroaluminate in neutral (0.500 mole fraction
aluminum chloride) melt failed to give any detectable nitration of benzene.

A red color characteristic of a pi complex between benzene and the
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nitrating agent was observed almost immediately on addition of
benzene to the nitrating agent/melt solution.

The analogous reaction in acidic (0.667 mole fraction aluminum
chloride) melt gave less than one percent of the theoretical yield
of ni+robenzene. Toluene gave a similar yield of the o and p
isomers of nitrotoluene. There was no evidence of the formation of
chlorotoluenes. Again, a red pi complex was formed shortly after

the aromatic was introduced to the reaction mixture.

VI REACTIONS OF NITRYL CHLORIDE WITH BENZENE IN METHYLENE CHLORIDE
USING CATALYTIC AMOUNTS OF ACIDIC MELT

Nitration of benzene in methylene chloride with nitryl chloride
was attempted using a ratio of aromatic: nitrating agent: catalyst of
0.6 : 1.5 : 0.1 . The solution was approximately 0.3 M in benzene.
Handling of the nitryl chloride and its preparation were described in
the 1987 Final Report.1 A 0.2 M solution of 0.667 melt in methylene
chloride was prepared by dissolving 1.44 g of melt (effective M.W. =
413.7) in 23.5 g (17 ml) of methylene chloride which had been dried
over molecular sieve (type 4A) and alumina. The solution was prepared
in an anhydrous, anaerobic glove box. The bottle containing the
melt solution was sealed with a septum cap to be introduced into
reactions outside the glove box via syringe. Liquid nitryl chloride,
1.5 mmole, was dissolved in 1 ml of methylene chloride. An equal
volume of the methylene chloride solution of acidic melt was added
after the nitryl chloride solution was capped with a septum and
additional alumina added to insure the absence of water. Benzene
was then added to the reaction mixture. The reactions were quenched
with water after eight hours, extracted with more methylene chloride,
and analyzed by gas chromatography. Results of both uncatalyzed
(no acidic melt present) and catalyzed reactions are tabluated

below.
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CATALYTIC ACIDIC MELT AND NITRYL CHLORIDE NITRATIONS

conditions compound yield data
trial 1 trial 2 trial 3 trial 4

uncatalyzed Bz 54 % 67 % 74 % 75 Z
ClBz 2.5 2.7% 0.5% 0.6%
NO,Bz 0.4% 8.47 (not detected) 0.1%

catalyzed Bz 81.7 65 % 85 7% 77 %
ClBz ) 4 7 1.7% 6.5% 8.8%
NO,Bz 37 0.27 1 Z 0.5%

The third and fourth columns for the uncatalyzed reactions were
originally to have had melt present, but water was apparently present
and reacted with the melt as soon as it was introduced. The data
are widely scattered, so no averages have been computed. No
conclusions can be drawn from this preliminary data except that

great care must be taken to remove moisture from the reaction. Not
only does water react with the melt, but it also reacts with nitryl

10

chloride. The reaction is formulated as

Hy0 + 3 NO,Cl-——» NOCL + 2 HNO, (6)

VII REACTION OF NITRONIUM TETRACHLOROALUMINATE WITH AMINES

Nitronium tetrachloroaluminate was added to neutral melt (0.500
mole fraction aluminum chloride) solutions of amines in the hope of
producing nitramines. Reaction conditions were 1.00 g of melt, 100 mg
of amine, and 218 mg of the adduct of nitryl chloride and aluminum chloride.
The reaction with diphenylamine produced no new product. The proton nmr
spectrum of the material isolated was indistinguishable from the starting
amine. Isolation involved allowing the melt to sit overnight to pick up

atmospheric moisture, adding water and acidifying with HCl and extracting
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with ether. The ether was evaporated under an air stream and taken up
in chloroform. The chloroform was dried over anhydrous magnesium
sulfate and analyzed. Aminodiphenylmethane did react and gave a

variety of products in a gc/mass spectrum, Among the compounds isolated
were 1,l1-diphenylmethane, benzophenone, and the imine that results when
acetophenone and starting amine condense. A possible reaction scheme

is outlined below.

@ @- CH MENO, /
‘CHN%‘“‘? — CHfe

e

©t-@ < O4Q
VIII CONCLUSIONS/RECOMMENDATIONS

A The identity of the adduct between nXtryl chloride and
aluminum chloride remains unclear. Two isomeric forms are
possible: coordination through the chloride and coordination
through the oxygen. Chemically, the latter makes more sense,
although it would be expected to be a better nitrating
agent than it has proven to be. The structure of this adduct
should be clarified.

B This adduct was ineffective in nitrating benzene and toluene.
Nitration of even more highly activated aromatics may prove
more fruitful, ie. anisole and aniline nitrations. Such
activated compounds tend to decompose when nitrated directly.

C Nitration of simple amines such as morpholine should give a

better picture of the adduct's nitrating ability toward
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amines. The failure of diphenylamine to react is due, no doubt,to its
low basicity. Aminodiphenylmethane was apparently successfully nitrated,
but it fell apart due to the radical-stabilizing aromatic rings. Morpholine

should be less prone to fragment once its nitramine is formed.
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Homoseneous Ziegler-Natta Catalysis in Lewis Acid Molten Salts

by
Richard T. Carlin

Abstract

Dissoluticn of the Cp,TiCly catalyst and its AlClz_,R, cocatalyst
in the ambient-temperature molten salt AlClz:MEIC (MEIC =

1-ethyl-3-methylimidazolium chloride) produces an active

homogeneous Ziegler-Natta catalyst system. The Ti catalyst is

active in acidic melts, AlClz:MEIC molar ratios > 1, but not in basic
melts, AlClz:MEIC molar ratios < 1. CpoZrCly, and CpoHICl, with
AlClz_ Ry cocatalysts are not catalytically active in acidic melt:

The lack of activity of Zr and Hf complexes is attributed to their
inherently stronger M-ligand bonding which precludes ethylene

coordination .

NMR studies of the Cp,TiCl, complex in acidic melts indicate
formation of a strong 1:1 complex with AlClz while Zr and Hf form

much weaker 1:1 complexes. The weaker AlClz complexation by Zr

and Hf is indicative of stronger M-Cl bonding in Zr and Hf versus Ti.
The study clearly demonstrates the usefullness of
ambient-temperature molten salts as solvents to generate

catalytically active transition metal complexes.
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I INTRODUCTION:

The nature of the active site in the homogeneous
Ziegler-Natta catalyst system, CppMCl, (M = Ti, Zr; Cp =
cyclopentadienyl) catalyst + alkylaluminum cocatalyst, is still
uncertain.1=4 Recent work has lent support to the hypothesis that
coordinatively-unstaturated, cationic complexes of <compliiticn
CppMR™* are active sit's for initial coordination .of olefin.>:¢  The
aluminum cocatalyst serves to alkylate the metal center and to
abstract chloride from the metal coordination sphere. Insertion of
the olefin into the M-R leads to polymer chain growth and to
regeneration of a coordinatively-unsaturated species able to react
agaln with an olefin. Recent work supporting this mechanism

Include the crystal structure of the complex
Cp,TiCSi(CHz)3=C(CH3)(CgHg)*  AlCly™ formed from reaction of
(CoHg)CCSi(CHz)s with CpyTiCl,® and the demonstration that the
cationic complex Cp,Zr(CHz)(THF)* B(CiHg)y~ is a catalyst for
ethylene polymerization without the AlRyClz_. cocatalyst.6

The ambient-temperature molten salt AlClz:MEIC (MEIC =

1-ethyl-3-methylimidazolium  chloride) should serve as an

interesting solvent system for these homogeneous Ziegler-Natta
catalyst systems. The Cp,TiCl; catalyst is stable in both acidic
melts, AlCl3:MEIC molar ratio > 1.0, and basic melts, AlCl3:MEIC

molar ratio <1.07 Also, alkylaluminum chlorides cocatalysts are

stable in the melts, and they serve to remove protonic impurties.8
In acidic melts, chloride abstraction from CpyMCly; 1s expected,;
however, because of the large concentration of AlCl;” in the meits,
1t 1s unlikely true cationic species would form. Instead, species such
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as CppMCI(AICly) and CppM(AICl,)> should be generated, and catalytic

activity of these complexes in the presence of alkylaluminums may
provide insight into the mechanism of Ziegler-Natta polymerization.

My research interests include the electrochernistry and
reaction chemistry of Inorganic complexes n the
ambient-temperature chloroaluminate molten salts. 1 also have
experience in catalytic processes and in interaction of gases with
molten salts. Therefore, my project this summer became the study
of ethylene polymerization (Ziegler-Natta catalysis) by the above

homogeneous catalyst system in the ambient-temperature molten

salt.
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II. OBJECTIVES OF THE RESEARCH EFFORT:

The primary objective of the project was to demonstrate the
usefullness of ambient-temperature molten salts as solvents for
catalytic processes. Therefore, the homogeneous Ziegler-Natta
system, CppMCly (M = Ti, Zr, Hf) catalyst and AlClz_,Ry cocatalyst,
was chosen Dbecause of the current interest in its reaction
mechanism.

Initial screening for catalytic activity with various
combinations of melt composition, catalyst, and cocatalyst was
planned to determine the potential of obtaining useful information
from reactions in the melts. Employing various spectroscopic
techniques, particularly NMR, the complexation and reactivity of

the Cp complexes in thr melts would be explored.
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[11. SCREENING OF SYSTEMS FOR CATALYTIC ACTIVITY:

Ethylene polymerization does take place in the

ambient-temperature ionic liquid AlClz: MEIC (MEIC =
1-ethyl-3-methylimidazolium chloride) employing CppTiCly, as the
catalyst and an AlClz_yRy (R = Me, Et) cocatalyst. Catalysis occurs
in acidic melts, AlClz:MEIC molar ratio > 1, but not in basic melts,
AlClz- MEIC molar ratio <1 Bubbling ethylene at 1 atm through 6 8
g of an acidic 1.1:1.0 AIClz:MEIC melt containing 0.022 g Cp,TiCl, (17

mM) and 0.118 g AlyMezClz (330 mM in methyl) for 10 min resulted

in formation of polyethylene (PE) at 25 °C. Quenching of the
catalytic mixture with 150 mi methanol resulted in precipitation of
the PE while the catalyt and melt components remained in soiution.
The PE was isolated by centrifugation giving a vyield of 0.020 g or
0.023 (g PE) min~1 (millimole Ti)™! atm™!. vields of PE were in the
range of 0.02 to 0.15 (g PE) mun~! {(milimzle T)™! atm™! using
1.1:10 or 1.51.0 melts as solvents. (One noteworthy observation.
the alkylaluminums are not pyrophoric in the melts probablv a
result of their complexation to chloroaluminate species; however,
the dilution of the alkylaluminum is no more than in conventional
organic solvents.)

These PE vields are low relative to other homogeneous

9

systems. It is, howewver, of the same order as that reported for

the cationic complex Cp>22z’Me(T)~iI-‘)+,6 The low vield mayv be

attributed to (1) inherently lower activity of the Ti complex in the
melts possibiy a result of low levels of alkylated Ti species. (2) low
solubility of ethylene in the melts; or (3) the presence of
alkvlimidazole impurities which, as nitrogen bases, bleck the Ti

active sites Ewvidence for (1) is seen in the slow reduction of T:(1V)
35-7




to Ti(Ill) by  alkylaluminums in the melts. By following the
Ti(IV)/Ti(lil) couple potentiometrically with time after addition of

excess EtAlCl,, the reduction process was determined to take place

on a time scale of hours and days in the melt. In organic sclvents,
this reduction occurs on a time scale of seconds and minutes.1:3
Competition for the alkyl groups by the high concentration of
chloroaluminate species in the melts may account for this slow
reduction. Evidence for (3) was seen in.the low yields of PE which
" resulted when the polymerization was performed in acidic melts
showing significant discoloration (pure melts are colorless). This
discoloration of acid melts is presumed to be due to a complex
resulting from coordination of alkylimidazoles, or condensed

alkylimidazoles, to AlClz.

Acidic melts containing CpZZrCIZ and szHfCIZ as catalysts and
AloMez(Clz as cocatalyst showed no catalytic activity up to ca. 65 °C.
This is consistent with the observation that CpyZr(l, is not a catalyst

in the presence of AlClz_yRy; however, cyclopentadienyl complexes

of Zr are catalytic in the presence of aluminoxanes. 110 Similarly,
indenyl complexes of Zr and Hf are catalytic in the presence of this

aluminoxanes. 11,12
[V. NMR INVESTIGATION OF COMPLEXATION:

Both 13C and 'H NMR of the Cp rings provide insight into the
coordination of the CpoMCly complexes in the melts. Figures 1 and 2

show the variation of the 'H and 13C chemical shifts as a function of
melt composition. Concentration of all complexes was ca. 100 mM.

In basic melts, the chemical shifts remain relatively constant. At

the AlCl;:MEIC ratio of 1:1, a neutral melt, all the complexes
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demonstrate a sharp downfield shift indicative of removal of electron
density from the metal centers. With increasing acidity, the
chemical shifts indicate a further but less dramatic deshielding

Figure 3 shows more clearly the change in 1H chemical shifts
of the Cp rings in going from a neutral melt to an acidic melt.
Concentrations of the Ti, Zr, and Hf complexes were 58, 66 and 72
mM, respectively. The Ti complex shows the sharpest downfield
shift just beyond the neutral melt composition, while Zr and Hf
demonstrate more gradual downfield shifts. Assuming the two
complexation reactions [1] and [2] may occur, equilibrium
constants, K4 and Ko, were calculated from the lH NMR data using
least-squares methods.

CppMCly, +  AlyCly~ ----> CpoMCI(AICly) +  AlCl,~ 1]
CpoMCI(AICl,) + AlCl;™ ----> CpoM(AlCly), + AlCH,” 2]

The Zr and Hf curves were fit successfully to a single
equilibrium, reaction [1], assuming a constant AlCl,~ activity of 1
and using the concentrations of the other species for their activities
The Ti curve was fit using both equilibria since the initial sharp

change in chemical shift is indicative of a large K¢ and the continued

gradual downfield shift at increasing acidity indicates a second,

weaker complex is also formed. Results are summarized in Table [.

Table |
Complexation Equilibrium Constants
Cp,yMCly Ky Ko
Ti > 109 % 0.6
ir 21 £ 4 -—=
Hf 41+08 -—-

It 13 significant that Ti has the highest K; and is the only

complex which demonstrates catalytic activity Reaction [1] can be
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viewed as breaking a M-Cl bond to form an Al-Cl bond with

concurrent complexation by AlCl;~, a much weaker coordinating

ligand than chloride. M-Cl bond energies for Ti, Zr, and Hf are 103,

117, 118 kcal mole™ 1, respectively;13 theretore, the Ky wvalues are

consistent with M-Cl bond energies. For formation of a cationic

complex, complete breakage of the M-Cl bond would need teo occur.

The high concentration of AlCl4~ in the melt (4.6 M in a neutral

melt), however, would seem to preclude a true cationic complex

being formed. Instead, the coordination sphere of any such cationic
species would be occupied by either AlCly~ or AlCly™.  Consistent
with this proposal is the fact that the anions PFy~, BF4~. and AiCl4~
coordinate strongly or react with the Cp,Zr(R)(THF)" complex ©

In the acidic melts used for catalysis, the Ti polymerization
catalyst 1s, therefore, an alkylated 1:1 AlClz: CpoTiCly complex which
can be written as szTiR(AlC14). The AlCly~ ligand may be either
mono- or bidentate 14 Initiation of the polymerization may involve
displacement of AlCl4y~ by ethylene to form a complex such as
CpTiR(CHoCHp)' or addition of ethylene forming a complex such as
Cp,TiR(CH,CH,) (AlCY,) . 14

The Zr and Hf complexes also exist as 1:1 complexes at the
Al>Cl;™ concentrations (ca. 0.5 M) used for catalyst screening. The
stronger innerent M-ligand bonding for Zr and Hf, however, mav
prevent complete or partial displacement of the AlCl4~ ligand by
ethylene The stronger M-Cl interaction for Zr and Hf 1s
demonstrated by their weaker A1C13 complexation versus Ti.

In these melts, polymerization does not appear to occur by

cation formation, however, cationic complexes do function as
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polyimierization cataivst as demmonstrated by CpoZrrR(THF) 5 This

Ty

study demeoenstrates that forrmation of a cationic complex does nct
appear to be a necessary condition for peolymerization.
Efforts to observe M-R species by 3¢ and 'H NMR were

unsuccessful. However, Al-Me species were identified in melts

containing 0.1 M MezAlClz 1n 0.8:1.0 and 0.9:1 0 melts, where only

AlCly is present, the 14 chemical shift of the methyl group appears
at -0.274 and -0.251 ppm, respectively. In a 21 melt, where oniy

AloCl;™ is present, the 1Y resonance is shifted to 0 405 ppm. In 2

1.5 1 melt, where both AICl;~ and AlpCl;” are present, the ly

resonce appears at 0 176 ppm indicating fast exchange of the methvl

group with the two Al species as expected.

{V  ELECTROCHEMICAL INVESTIGATION OF COMPLEXATION

The observable electrochemistry of the complexes s
consistent with removal of electron densitv {rom the metal centers
in going from a basic melt to an acidic melt The Ti compiex
undergoes a reversible one-electron reducticn at -0 30 V.in a 0 8.1 0
basic melt and at 0 43 V in an 1.5:1.0 acidic melt (versus an Al wire

- - -7 . -
In a 2 1 melt as the reference electrode).” The potential of the T

~) e

reduction reporredly shifts anodically with mncreasing melt acidity
In a basic melt, the Zr complex undergoes a reversible one-electron
reduction at -1.35 V, cathodic of the Ti complex as »::)f.pected.l‘3 No
reduction of the Zr complex in an acidic melt was directly observed
Hnowewver, in a shightly acidic melt there appeared to be an additional
reduction process occurring near 0 V accompanying reduction of

AlxCl-" to Al reduction. No electrochemistiry of the Hf complex was

opserved i either basic or acidic melts.
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The complexation of CppTiCly In acidic melts was examined by
adding the Ti complex to a slightly acidic melt. The decrease 1n the
Al5Cly~ limiting current measured at a rotating glassy carbon disk
(diameter = 0.5 cm,; rotation rate = 1000 rpm) was used to
determine the number of AlyCl;™ consumed by complexation of AlCl-
to CpoTiCly. The experiment was complicated , however, by the fact
that CppTiCly reduction occurs anodic of the AlCl;™  reduction
glving rise to two reduction waves. A plot of the Al Cl;™ limiting

current as a function of added Cp,TiCl, Indicates two AlxCl;™ are

complexed to each CpyTiCly, in contradiction to the NMR results
However, this discrepancy is attributed to the Ti(IV) compi¢x being
reduced to a Ti(lll) complex prior to AlxCly™ reduction. This Ti(lIl)
complex either releases a chloride to react with a second AlCly™, or

it complexes a second AlClz giving the appearance of twe AlyCis™

consumed per CpyTiCl, added. This difference in corrdination

between Ti(IV) and Ti(lll) is consistent with the previously reported
shift in the Ti(IV)/Ti(1lI) couple with melt acidity /
An effort was also made to determine the complexation of

CppTiCly In basic melts. This was done by titrating a 53 mM chleride

melt with szTiCIZ. The decrese in the chloride oxidation wave with

added Ti complex was monitored using a rotating glassy carbon disk

(dlameter = 0.5 cm, rotation rates = 1000, 2000, and 3000 rpm).
The calculated equilibrium constant, Kz, for reaction [3]

CpyTiCly + Q17 <===> Cp,TiClz” (3]
Increased with increasing rotation rate. This is attributed to shifting

of the equilibrium tc the left as choride is removed by oxidation to

chlorine At faster rotation rates, less time is allowed for the
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CpoTiClz~ complex to release chloride. Therefore, only a minimum

Kz value of 12 | mole™1 can be reported here. In basic melts, the
high chloride concentrations ([CI”] =1 M in a 0.8:1.0 melt) result in
a coordinatively-saturated Ti center.14 No chloroaluminate complex
is formed in basic melts accounting for the lack of Cp,TiCl, catalytic
activity in basic melts.

During the course of performing the chloride titration a
diffusion coefficient for CpyTiCly of (1.48  0.01) x 107 cm? 571 was

determined in a slightly basic melt at 30 °C
V1. RECOMMENDATIONS

(1) The present work has demonstrated the catalytic activity

of the CpyTiCl; complex in acidic melts; therefore, initial follow-up

work should center around optimizing the catalytic activity of
systern.  Numerous parameters including melt composition, cheice
and concentration of cocatalyst, and temperature need to be varied,

and their effect on catalyst activity quantified.

(2) The Ziegler-Natta polyrmerization process results in the
formation of a solid product which requires destroying the catalyst
system to isolate the product. For processes giving volatile products,
molten salts offer an easy method for separation of products from
the catalyst medium since the ambient-temperature molten salts
have little or no vapor pressure even at elevated temperatures In
essence, the molten salt containing an appropriate catalyst could

serve as a supported, homogeneous catalyst system  Catalyst

systems worthy of investigation include WCl/RAICl» and
WOCl4/RAICl, for olefin metathesis (olefin scrambling), and Cop(C0)g

35-13
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for hydrocarbonylation of olefins (reaction of CO, H, and olefins to

produce aldehydes).

(3) In general, the reactivity and complexation of
organometallic compounds in these molten salts needs to be explored
more thoroughly. The strong Lewis acidity of the melts may lead to
new and interesting chemistry and to a better understanding of

established chemistry.

35-14




ro

10.

REFERENCES

Sinn, H.; Kaminsky, W. "Ziegler-Natta Catalysis", In Advances in
Organometallic Chemistry, Vol. 18, Stone, F. G. A., West, R,
Eds.; Academic Press: New York, 1980.

Keii, T. Kinetics of Ziegler-Natta Polymerization, Chapman and
Hall: London, 1972.

Dyachkovskii, F. S "Homogeneous Complex Catalysis of Olefin
Polymerization", Coordination Polymerization, Chien, J. C. W,
Ed ; Academic Press: New York, 1975.

Collman, J. P.; Hegedus, L. S, Norton, J R.; Finke, R G

Principals and Applications of Organotransition Metal Chemistry,
University Science Books: Mill Valley, California, 1987, p 577.

Eisch, J. J.; Piotrowski, A. M., Brownstein, S. K., Gabe, E
J,Lee, F. L. J. _Amer. Chem. Soc. 1985, 107, 7219

Jordon, R. F., J._Chem. Ed., 1988, 65, 285.

Gale, R. J; Job, R. Inorg. Chem. 1981, 20, 42.

Zawodzinski, T. A, Jr., Carlin, R. T.; Osteryoung, R. A. Anal
Chem . 1987, 59, 2639

Jeske, G.; Lauke, Harald, Mauermann, H k6 Swepston, P N,
Schumann, Marks, T. J. J. Amrer. Cem. Soc. 1985, 107, 8091

Andresen, A, Cordes, H. G, Herwig, J, Kaminsky, W, Merck,
A , Mottweiler, R., Pein,g._;] 581rm, H , Vollmer, H Angew. Chem.




11.

12.

13.

14.

Int. Ed. Engl. 1976, 15, 630.

Kaminsky, W.; Kuper, K., Brintzinger, H. H.; Wild, F. R. W. P.

Angew. Chem. Int Ed. Engl 1985, 24, 507.

Ewen, J. A.;, Haspeslagh, L., Atwood, J L., Zhang, H J.  Amer.

Chem. Soc. 1987, 109, 6544.

Huheey, J. E. lnorganic Chemistry: Principles of Structure and

Reactivity, 3rd Ed.; Harper and Row: New York, 1983, p A-35.

Lauher, J W., Hoffmann, R. J. Amer Chem. Soc.

1729

Carlin, R. T., Osteryoung, R. A. unpublished results.

35-16

1976,

98,




vS ,"‘” ,1D S

Pt

TH Cp2MCIZ2
Cp Rings
+ 71 A O Hf
800 —
+
780 F
7.60 | * |
! i
+
7.40 F A
I A
A
7.20r
| O ©
7.00 T T |
F A A A 5
- 0 |
o O '
6.80 F ;
i %
6.60 i H . 5 1 | S i i 1 - Jl

0.40 045 050 055 0660 065 0.70

Mole Fraction AICI3

Figure 1. l4 NMR of Cp rings in Cp2MCl; versus melt composition.
Referenced to hexamethyldisiloxane.
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A MCSCF STUDY OF THE REARRANGEMENT OF NITROMETHANE TO METHYL NITRITE

Michael L. McKee, Ph. D.

ABSTRACT

Ab initio calculations, which use the 6-31G* basis set and a
multiconfigurational (MC) wavefunction, have been carried out for the
unimolecular rearrangement of  nitromethane to methvl  nitrite.
Geometry optimization of nitromethane and methyl nitrite have been
carried out with a two <configuration wavefunction while the
unimolecular transition state was refined with a 20-configuration
wavefunction which was determined by wusing all configurations
generated by excitation from the two highest occupied orbitals into
the two lowest empty orbitals (4 electron in 4 orbitals). The
transition state indicates a weak interaction between a methyl radical
and nitro radical. In the transition state the breaking CN bond and
the forming CO bond are 3.617 and 3.700R, respectively and there is a
significant difference predicted in the NO bond 1lengths in the
transition state (1.371/1.1558). At the highest level of calculation
(Multireference CI) the unimolecular barrier is predicted to be 57.1
kcal/mol which is 7.7 kcals/mol above the sum of CH3 and NO; radical

energies.
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I. INTRODUCTION:

It has recently been predictedl and verified?s3 that the
unimolecular rearrangement of nitromethane to methyl nitrite might be
competitive with simple C-N bond rupture. The predictions were based

I who found

on MINDO/3 calculations performed by Dewar and coworkers,
the concerted transition state to have an energy 14.6 kcal/mol lower
than the energy of radicals. When a less favorable entropy for the
rearrangement is taken into account, Dewar concluded that the two
pathways would be competitive. Recent experimental workd has lead to
a confirmation of these predictions. Employing infrared
multiple-photon dissociation (IRMPD), Lee and coworkers3 have been
able to determine the activation barrier for the rearrangement of
CHaNO, to CH30NO. Taking into account various uncertainties, Lee
determined the barrier to be between 51.5 to 57.0 kcal/mol with 55.5
kcal/mol as the most probable value. For comparison the C-N bond
energy in nitromethane is determined to be 59.4 kcal/mol.

The experimental results above contrast sharply with ab initio
results? where the unimolecular rearrangement barrier to CH;0NO was
found to be 16.1 kcal/mol higher than the C-N bond energy in CH3NO;
(73.5 and 57.4 kcal/mol, respectively). The calculations used the
6-31G* basis® to determined geometries and zero point corrections and
the MP2/6-31G* electron correlation treatment® on 6-31G* optimized
geometries to determine relative energies, It was anticipated that
the method would poorly describe the unimolecular transition state
since it was based on a single-determinant wavefunction while the
transition state 1is expected to have considerable open shell
character. In order to avoid an unfavorable 4-electron 2-orbital
interaction the C-N bond would be expected to be nearly completely
broken before the C-0 bond begins to form. If the C-N bond is
completely broken before the C-0 bond begins to form, the pathway is
best described as eq 1. If the bond rupture is not complete, eq 2

better describes the process.
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CH3N02 - CH3 + NO, - CH3ON0 (1)
CH3NO,; - CH3ONO (2)

A careful determination of the transtion state is essential for a
discrimination of the two possible pathways. The wavefunction used to
determine the geometry must be able to adequately describe the ZA" and
2A1 states of CHy and NO;, respectively and to describe the bond being
broken in CHyNO> and formed in CH30NQ.

In a recent MCSCF study on the nitro-nitrite rearrangement of the
isoelectronic NH,NO;, Saxon and Yoshimine® have found <that the
transition state is best described as an interaction of a NO, and a
NH, radical. Geometries were optimized with the 4-31G basis and a CAS
(Complete Active Space) MCSCF with 10 electrons in 7 orbitals. The
breaking NN bond and forming NO bond in the transition state were 2,84
and 3.212, respectively, and the energy (MRCI/6-31G*) was 0.9 kcal/mol

lower than radicals.
II. OBJECTIVES OF THE RESEARCH EFFORT:

The objective of this work was to study the rearrangement
mechanism of a reaction important to the underestanding of detonation
in polynitrated systems as TNT or RDX. Earlier studies? found that
the rearrangement barrier of nitromethane to methyl nitrite was
significantly higher than simple bond cleavage to NO; plus CHj.
Recently, the barrier to rearrangemnt has been determined to be five
kcal/mol lower than the activation required for bond cleavaqe.3 It is
hoped that a more sophisticated treatment of the reactant and
transition state may resolve the difference between the predicted and
experimental activation barrier.

The calculations used in this study are based on
multiconfiqurational treatments’ which allows the optimal 1linear

combination of different configurations where the term configuration
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refers to a particular occupation of molecular orbitals. In contrast
to a single configurational method, the multiconfigurational method
can be used to correctly describe forbidden reactions where an orbital
crossing occurs as well as homolytic bond cleavages where the

wavefunction must describe the radical products.

III. APPROACH

The simplest example of a nitro-nitrite rearrangement is -he HNO,
- HONO rearrangement; however, a more relevant system to the study of
combustion is the nitro to nitrite rearrangement in nitromethane. It
has been found® that an accurate description of the wavefunction of a
molecule containing a nitro group reguires at least two
configurations. In a single configurational calculation the orbital
on the left (see below) is the highest occupied orbital (HOMO) and the
orbital on the right (LUMO) is unoccupied. In a two configurational

calculation the orbital on the right has significant occupazion.

\
PR\

N () — N G

HOmo LUMD

In the regicn of the transition state the wavefunction will be
described best as two interacting radicals. The important orbitals to
correlate are the bonding and antibonding combination of the CN sigma
bond and the two combinations of the oxygen lone pair (see above). As
the transition state is approached and the CN bond “ecomes long the CN
bonding and antibonding orbitals can each accommodate one of the
unpaired electrons of CH3 and NO;. The two combinations of the oxygen
lone pair are required to correctly describe the nitro portion of the

transition state. If all excitations are allowed from the two highest
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occupied orbitals into tne two lowest unoccupied orbitals, the
resulting multiconfigurational wavefunction is referred to as a
4x4CAS-MCSCF (4 electrons in 4 orbitals Complete Active Space-MCSCF).
For the transition state which has C; symmetry the 4x4CAS wavefunction
consists of 20 configurations.

Exploratory calculations were carried out at the MCSCF/STO2G level
in order to determine reasonable starting geometries at higher levels
of theory. Geometries and energies are compared in Figure 1 and
Tables I and II where the conformation choosen for geometry
optimization was the lowest energy conformation at the
MP2/6-31G*//6-31G* level.? A 2x2CAS (TCSCF) was used to determine the
geometry and energy of NO;, CH3NO;, and CH3ONQ, while a 4x4CAS was
used for the transition state. The CN bond energy of CH3NO; is
cverestimated by 18 kcal/mol (expt.l.9 59.4 kcal/mol: CAS/ST02G. 78.2
kcal/mol) which indicates that the calculations at this 1level of
theory may not be reliable. However, it is 1interesting that the
transition state for the nitro-nitrite rearrangement is predicted to
be 9.6 kcal/mol lower than the energy of NO; and CH3 radicals (Table
I1). This result is in agreement with MINDO/3 results where a
difference of 14.6 kcal/mol 1is obtained. The transition state is
characterized by a long CO and CN bond and a significant NO bond
alternation in the NO; fragment.

The next step was full optimization at the 4x4CAS/6-31G* level for
the transition state and at the 2x2CAS/6-31G* level for NO,, CH3NO,
and CH30ONO. The results of these calculations are given in Figure 2.
Total energies are given in Table I and relative energies are given in
Table II. Single point calculations at the 4x4CAS/6-31G* level were
not made on the optimized CH3NO, and CH3ONO geometries due to the fact
that the CN or CO bond are well described as a doubly occupied orbital
in the reactant or product and correlating this orbital with the
antibonding orbital would have little affect on the energy.

All optimizations were straight foward except the location of the
transition state. Due to the very loose nature of the transition

state, a precise stationary point could not be located imn 50 cycles of




optimization. The stopping criterion requires that tne largest

component of the gradient to be less than 5x10-4 hartrees/bohr (or
hartrees/radian) and the root mean square (rms) gradient to be less
than 1.7x10-4. After about 20 cycles of optimization there was little
change in geometry or energy. Since the optimization seemed to be
"stalled” around the transition state, the point with the lowest rms
gradient was used as the converged structure. This geometry was
characterized by a rms gradient about four times larger than the
normal stoppirg criterion.

A comparison of optimized geometries at the HF/6-31G* and
MCSCF/6-31G* levels indicated that the additional configquration(s)
resulted in only small geometry changes for all structures except the
transition state. The largest change in the CH3NO; geometry when
comparing the HF/6-31G* (1 confiquration) and the TCSCF/6-31G*
geometries (2 configurations) is a lengthening of the NO bond length
by 0.013A. This is to be expected since the additional configuration
contains two eleztrons in a NO antibonding orbital which is unoccupied
in the SCF wavefunction. The ONO bond angle closes down by 0.9° due
to the bonding interaction across oxygen in the additional
configuration. The coefficient of the second configuration has a
value of 0.25 indicating a significant contribution. In contrast the
MCSCF/6-31G* wavefuction of methyl nitrite was characterized by a
smaller second coefficient (0.10) and the geometry at the HF/6-31G*
and MCSCF/6-31G* levels are almost identical (Figure 2). 1Inclusion of
an additional configuration in the optimization of the NO; radical had
a small effect. Compared to the 6-31G* optimized geometry a
2x2CAS/6-31G* wavefunction leads to an increase of the NO bond length
by only 0.0044 and no change in the ONO bond angle.

A comparison of geometric parameters calculated for the transition
state at different levels of theory is given in Table III. At the
4x4CAS/STO2G and 4x4CAS/6-31G* 1levels the transition state |is
characterized by extremely long CO and CN bond distances which is in
contrast to single configurational methods (MINDO/3, 6-31G*) where the

transition state is much tighter. This distinction becomes important
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in the context of the experimental activation barrier determined by
Lee and coworkers.3 In this work the A factor calculated by Dewar et
al.l for the tight transition state (1033:3) was used in fitting the
data to determine an activation barrier. The transition state
calculated by MCSCF methods is much looser and the associated A factor
probably would be closer to the experimental A factor for simple CN
bond rupture (1015-6) .3 If the assumed A factor is too small, then
the calculated activation barrier would be underestimated.

If the CN distance 1is decreased, or if the CO distance 1is
decreased in the transition state, CHqNO; or CH30NO should be formed,
respectively. However, if both distances are decreased, the energy
should increase. 1In order to see how sensitive the energy was to this
geometry change, one calculation at the 4x4CAS5/6-31G* level was made
after moving the CHj group 1A closer to the NO midpoint. This
geometry led to an energy increase of 0.9 kcal/mol relative to the

transition state.
Iv. DISCUSSION

There are several gqualitative interpretations of the rearrangement
mechanism, In an approximate sense the reaction is orbitally
forbidden as shown 1in Figure 3. The sigma CN bonding orbital
correlates with a sigma CO antibonding orbital while the sigma CN
antibonding orbital correlates with a sigma CO bonding orbital (Figure
3). However, since both orbitals have the same symmetry in the
transition state (Cjy) the crossing will be avoided. Nevertheless, the
barrier would be expected to bYe high. As the transition state is
approached the energy difference between the bonding and antibonding
CN orbitals becomes smaller. At the tramnsition state three
configqurations become important in the MCSCF expansion. The
configuration with one electron in the sigma cy and sigma CN. orbitals
(the labels are not an accurate description in the transition state,
however, they are convenient labels in the present coutext) makes the

largest contribution to the wavefunction (61%) and suggests that the

36-9




transition state 1s best described as interacting radical fragments.
The configuration with the sigma ¢y orbital doubly occupied and with
the sigma CN. orbital doubly occupied contribute a total of 29%,

The radicals NO; and CHy have very similar ionization potentials
(9.6eV and 9.8eV, respectivelylo) which perhaps rationalizes why these
three configurations contribute strongly in the transition state since
the orbital energies would be quasi-degenerate.

A more intuitive interpretation can be obtained by a simple
consideration of resonance structures (Figure 4). As tne transition
state is approached and the fragments become ‘“radical-like", the
second resonance structure of NO, becomes the dominant contributing
resonance structure, while the ¢third resonance structure, which
indicates an alternation of single and double NO bonds opposite from
that found in the transition state and product, will be unimportant.
Evidence for this interpretation comes fros the transition state
geometry. First, there is a large alternation of NO bonds
(1.3718/1.155, CAS/6-31G*) clearly indicating a localized single and
double bond. Secondly, the ONO angle is reduced from 124.9° in CH3NO,
to 113.0° in the transition state which is due to the increased steric
repulsion of the nitrogen lone pair.

The methyl (2A" state) and the nitro radical (2A1 state) are
ideally suited for combining to form a CN sigma bond in CH3NO; since
the unpaired electrons are directed along the bond axis. This is not
the case for formation of CH30NO where the NO; radical requires
promotion to a more suitable electron distribution. A promoted NO;
radical will have more unpaired electron density on one oxygen in an
orbital perpendicular to the NO, plane. The CH3 radical would then
approach the prepared NO, radical from above which is exactly what is
observed in the transition state geometry.

The rearrangement barrier can be related to two factors. First,
the energy required to promote the NO; fragment and second, the
interaction energy of the two radicals. If the interaction energy is
greater than the promotion enerqgy, then the rearrangement barrier will

be less than the CN bond energy. On the other hand, if the promotion
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energy is greater, the barrier will be greater than the CN bond
energy. The promotion energy was determined as the energy difference
betwe.n optimized NO; and the NO; fragment in the tramsition state
(1able IV). At the 3x4CAS/6-31G* level this value is 25.4 kcal/mol
and increases to 46.4 kcal/mol at the PMP4/6-31G* level. For the CHjy
fragment the promotion energy is very small (Table 1IV). The
interaction energy 1is the energy difference petween the isolated
frozen fragments, CH3 and NO,, and the transition state which is -17.7
kcal/mol at the 4x4CAS/6-31G* level. Thus, at the 4x4CAS/6-31G» level
the activation barrier is 7.7 (25.4-17.7) kcal/mol higher than
radicals.

Activation barriers calculated at the MP4/6-31G* level generally
yield accurate results.> However, the method reqguires a dominant
configuration which 1is not the case for the nitro %o nunitrite
transition state. The PMP4/6-31G* relative energies are in good
agreement with experiment (Table II) except for the activation barrier
which is 51.9 kcal/mol higher than the CH3 and NO; radicals!

Multireference second order CI calculations (with the 6-31G*
basis) were carried out on the CAS/6-31G* geometries for fragments and
transition state. Orbitals were divided into four spaces: frozen
occupied (11 orbitals), active (5 doubly occupied and 2 unoccupied),
external (10 orbitals), and frozen virtual (38 orbitals). The
configuration 1list was generated by including all excitations within
the active space plus single and double excitations from the active
space into the external space. The virtual space of the starting
wavefunction was first compacted by calculating a secord order CI with
a smaller active space but including all virtual orbitals in the
external space (14 frozen, 4 active, and 48 extermal orbitals). The
CHy and NO; radicals were calculated together (Cg symmetry separated
by 20.0R) since the multireference CI is not size consistant. The CI
expansion for the combined fragmencts contained approximately 29,300
configurations while the transition state (C; symmetry) contained
8,500 configurations. The relative enerqgy for fragments and

transition state at this level of theory 1is very simliar to the
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CAS/6-31G* results (Table 1II). While this 1level of theory may
correctly describe the qualitative features of the rearrangement
mechanism, gquantitative determination of the barrier may require more
accurate computational methods (i.e. larger active space, bigger basis

and more CI).

V. RECOMMENDATIONS:

On the basis of the above study the following recommendations can
be made:

(1) That geometry optimizations of nitro containing coroounds using a
multiconfigurational wavefunction is probably unnecessary as the small
changes in geometry do not justify the additional expenses.

(2) That transition states be located with an MCSCF procedure as it
is shown that the geometry of the transition state depends very
strongly on the level of calculation.

(3) That energies be determined with additional electron correlation,
perferably multireference CI (MRCI) which will recover important

dynamic electron correlation,
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Table III. Comparison of Geometric Parameters (Angstroms, Degrees) for

the Nitro to Nitrite Transition State

Parameter?d MINDO/3° 6-31Gw CAS/STO2G CAS/6-31G*
CN 1.516 1.928 3.625 3.616
(ols3} 1.584 2.010 3.538 3.700

NOy 1.299 1.251 1.471 1.371

NG5 1.438 1.181 1.222 1.155

ONO 110.0 113.0

a) In the transition state the CH3 group is migrating to Oj.

b) Reference 1.

Table IV. Calculated Promotion Enerqgy (kcal/mol) and Interaction Energy

Method NO; Promotion CH3 Promotion NO;/CH3 Interaction
CAS/6-31G*2 25.4 0.02 -17.7
PMP4/6-31G* 46.4 0.1

a) The dominant configuration in the MCSCF expansion contributes only
64% to the wavefunction for the frozen NO, fragment. 1In contrast
the dominant configuration contributes 96% for the optimized NO,
radical. The second configuration for the frozen NO, fragment
(34%) is characterized by three unpaired electrons coupled as a
doublet (°A' state) where an electron from the oxygen lone pair
(a" symmetry) has been promoted into a higher oxygen lone pair

orbital (a" symmetry).
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Figure 1. Geometric parameters at the CAS/STO2G level.
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Figure 2. Geometric parameters at the CAS/6-31G* level. In
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Figure 3. Correlation diagram indicating an avoided crossing of the
sigma CN bonding and apnitbonding orbitals. In the
transition state the two orbitals will have energies similar
to the orbitals containing the unpaired electrons in the CHj

and NO; radicals.
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energy surface. As the CN bond breaks, resonance structure
2 will become increasingly important. The CH3 group will
migrate above the NO; plane and form a sigma bond with the
unpaired electron in an orbital perpendicular to the NO,

plane.
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