December 4, 2004

Biocomplexity Faculty Search Committee,
c/o Prof. Rob de Ruyter van Steveninck,
Department of Physics, Indiana University,
Swain Hall West 117,

Bloomington IN, 47405-7105

Dear Professor Steveninck,

This is Dr. Lizhi Ouyang writing in response to the “Junior Faculty Position in Biocomplexity”
position posted on AIP career services. Under the guidance of Professor Wai-Yim Ching, I
received my interdisciplinary Ph.D. degree in Physics and Chemistry from the Physics
Department of the University of Missouri-Kansas City (UMKC) in 2000. I continued as Postdoc
researcher and computational laboratory manager in Dr. Ching’s Electronic Structure Group. In
the meantime, I obtained my MS degree in Computer Science in 2001. I am now a research
assistant professor at the Physics Department of the University of Missouri-KC. The focus of my
past and ongoing research has been on the large scale first principles simulation of complex
systems such as vitamin By, and ... derivatives and interfaces in ceramics and biomaterials. I
have had about 30 publications on quality journals such as Phys. Rev. Lett., J. of Am. Ceram.
Soc., App. Phys. Lett., etc. I have collaborated and co-authored with many scientists, mostly
experimentalist, from US, Japan, Italy, Canada, etc. Besides managing facilities in our own
laboratory, I am in charge of the Sun Enterprise Server in the computer science department of
UMKUC. I also actively participate in teaching and supervising graduates students and teaching
undergraduate courses. I taught General Physics II for non-science major in 2003. Together with
Paul Rulis, the graduate student working under my supervision, I built the first PC cluster on

campus in 1998. I enjoy teaching and interacting with fellow students and always view it as
mutual beneficial.

Included are my curriculum vita, teaching and research statements and three copies of my recent
publications. For your convenience I list five references in a separate page.

Hiring a tenure track assistant professor is long term commitment and I am committed to this
academic career. I am confident that I am well prepared and up to the challenges lying ahead.
Thank you for your considerations and I am looking forward to hearing from you.

Sincerely,

v

Lizh uyang

Research Assistant Professor

Department of Physics

University of Missouri-KC

5110 Rockhill Rd

Kansas City, MO 64110

Tel: (0)816-235-1058/2512 (h) 913-901-8413
Email: ouyangl@umkc.edu



Lizhi Ouyang’s Research Statement

My goal is to understand interfacial properties of ceramics and biomaterials by means of computer
simulation. Interface at nano-scale is of great importance to modern science and technologies. Yet
comprehensive understanding of these interfaces has remained elusive, largely due to their nanoscale
sizes and heterogeneous structures that render current techniques difficult if not impossible to elucidate
the structure-property relations. While experimental techniques such as ELNES/XANES, Micro-Raman,
X-ray diffraction, Sum Frequency Generation (SFG), etc. can be used to obtain the compositions, average
coordinations, local bondings of the films, these scattered informations have yet to be consolidated to
retrieve the structural informations of the thin films. With the fast advance of computer technologies,
“numeric experiments” carry out by the state-of-the-art computer simulations techniques nowadays can
produce “measurements” for systems of hundreds or even thousands of atoms with considerable accuracy.
However, the heterogeneity at nano/meso scale such as those found in Si;N, and bone tissue presents a
formidable challenge to “numeric experiments” before of the size of models required to properly describe
the materials. The main thrust of my current research is to develop and apply multiscale simulation

methods to model the structures of the nano thin film and bio-materials and to compute their physical
properties.

Selected Current Researches

1. Electronic Structure and Bonding of B, and its derivatives (Supported under DOE grant #DE-FG02-
94DR45170, Amount: $487K [07/02-06/05])

By, is a vital substance for the rapid synthesis of DNA during cell division. Being the most complex
vitamin and nature’s only bio-molecule with a Co-C bond, B, has attracted wide research interests. We,
for the first time, using structures accurately determined from X-ray diffraction, calculated the electronic
structures and bonding of a whole B;; by first principles methods. Our partial density of states
calculations agree well with X-ray absorption spectra. Our calculations also elucidate the origins of
several pronounced peaks in the vis/UV absorption spectra. Based on past research, I am in preparation to
submit a proposal to NSF biomolecular program in Jan, 2005. The goal of the proposal is to investigate
the evolving of XANES of Co in By, during Co-C bond breaking.

2. Nanometer Scale Induced Structure Between Amorphous Layers and Crystalline Materials
(NANOAM) ( NSF#DMR-0016, Amount: 32.1M [06/01-08/05])

I have participated in the NANOAM project, a jointly funded collaboration between the US-NSF -and
the European Community. The topics I have been involved include:

a. Structural and dielectric properties of high-k dielectric materials Zr silicate (Zr,Si,..O,). Using first
principles methods, we have calculated the dielectric properties of Zr silicate with varying Zr content
by considering the Zr silicate as regular solution in zircon lattice structure. We found that low x Zr
silicate show better compatibility with the substrate and significant increase of dielectric constant.
We also found that surprisingly, the structure of pure SiO, at x=0 can be reduced to an inverse Ag,0
structure which we found to be new metastable phase of SiO, that has a high static dielectric constant
of about 10. We are currently extended this work to amorphous Zr silicate models.

b. Modeling of Si;N, intergranular thin film. We are the first to perform first principles calculations on
realistic atomic models of intergranular thin film. We results verified the validity of empirical
potential methods in regions away from structural discontinuities and demonstrated the necessity of
involving accurate first principles methods through either directly modeling or indirectly, improving
the empirical potential to count for the structural discontinuity. We are current analysis the results to

test against two proposed theories about the origin the consistent thin film thickness of about 1nm in
Si3N, intergranular thin film.

Future Research Plans

The direction of my future research is on bio-inspired materials. Together with UMKC dental school
and school of computer engineering, we have recently submitted a proposal to National Institute of
Biomedical Imaging and Bioengineering (NIBIB). I am intensively involved in two topics:



1. Investigating the buried mineral-collagen interfacial structures in biomaterials such as bone and teeth.
Currently the biggest problem with artificial implants lies in the tissue-implant interface which shows
distinct differences from natural ones. The nature tissue is organized in a hierarchic manner which shows
heterogeneity at micro, nano/meso and macro-scale. Thus it requires understandings at each level to better
engineer the artificial implant. Among the structural hierarchy of nature tissues, the interface between
mineral crystallites and soft tissues (mostly collagen fibrils) where the nature’s own engineering, the
biomineralization process happens, is a very important yet an extremely complicated one. Topics
pertaining to the mineral-collagen interface include understanding the bonding or cross-link between the
minerals and collagen fibrils; understanding the role of bonded the water in the mineral-collagen
interface; understanding the mechanism control the growth of the mineral crystallites. I plan to use first-
principles calculations coupling with classical molecular dynamics to study the above topics. Proper
description of the mineral-collagen interface requires at least hundreds of atoms or more. Fortunately,
calculating systems with thousands of atoms using first principles methods based density functional
theory is now possible with modern computer. In fact, I have in the past study an 800 atoms Si;N,
intergranualr thin films model using Vienna ab initio Simulation Package and first-principles
Orthogonalized linear combination atomic orbitals program.

2. Developing an open, component based, problem-solving oriented software infrastructure for seamless
integration of various simulation packages targeted at specific scales to perform multiscale simulations
through software engineering. The key to multiscale simulation integration is the seamless exchange of
input/output parameters so that smaller scales simulation could provides input to larger scale simulations
and results from larger scale simulations could provide feedbacks to smaller scale simulations. The lack
of standard for even the basic parameters such as geometry has so far hindered the development of
generic multiscale simulation solutions. Our solution to this problem is to separating the underlying
physics from its implementation or so-called data abstraction. To do so, I propose to create a common
“language” through which any simulation program can “talk” to each other. We plan to implement the
common “language” using the EXtensible Markup Language (XML), a way to generically describe data
to facilitate data exchange that are widely used in many commercial software and academic researches.

Computational Facilities

I am experienced in design, build and maintain computer clusters and SAN storage networks;
maintain Sun Enterprise Server, Alpha workstations, etc. If financially permitted, I will build an
inexpensive yet reliable out-of-shelf cluster computer for research and hands on trainings purpose. My
experiences show that the involvement of undergraduate students can be very beneficial in that the
provided first hand experience of high performance computing could attract well-motivated students into
this interdisciplinary research area.

I am a frequent user of national super computer facilities at National National Energy Research
Scientific Computing Center and other DOE facilities. I was recently awarded 10,000 PSU of NSF

supercomputer time to calculate the X-ray Absorption Near Edge Structure (XANES) of B, derivatives
using Slater’s transition state theory.

Collaborators

Prof. W.Y. Ching, University of Missouri-Kansas City, USA (supervisor, co-author)

Prof. Lucio Randaccio, University of Trieste, Italy, (collaborator, co-author)

Prof. Alexander Moewes, University of Saskatchewan, Canada (collaborator, co-author)

Prof. Ernst Kurmaev, Institute of Metal Physics, Russia Academy of Scinces, Russsia (co-author)
Prof. D.M. Zhu, University of Missouri-Kansas City, USA (collaborator, co-author)

Prof. Isao Tanaka, Kyoto Univeristy, Japan (collaborator, co-author)

Prof. Paulette Spencer, University of Missouri-Kansas City, USA (collaborator)

Prof. K.W. Wong-Ng, National Institute of Standard and Technology, USA (collaborator, co-author)
Prof. Stephen Garofalini, Rutgers University, USA (collaborator, co-author)

Prof. Yet-Ming Chiang, Massachusetts Institute of Technology, USA (collaborator)

Prof. Roger R. French, Du pont Co. USA (collaborator)



Lizhi Ouyang’s Teaching Statement

I prefer to use Socratic methods in the classroom because I believe a good teacher
is who can inspire the student to ask a good question. The ability to ask a good question
is the key step toward understanding and a clear indication of self-instructions. My
experience as lecturer for general physics convinced me that teacher can not teach the
student much within the limited interactions with the student. Instead, they can only
motivate students to teach themselves. My role as a teacher is to dispel the “mysteries” of
physics and help the students to formulate a good question and then introduce the
problem-solving techniques which often become apparent. There are ample examples in
the literatures demonstrating large varieties of ways to stimulate active learning and
encourage and induce the student to ask question. My most favorable way is to know my
student and also have the student know me so that we all can be comfortable in the
classroom. I would like to make it clear to the student that every question is a good
question and being wrong is the part of learning. Good ways to know my students include
inviting student to my office for conversation; periodical evaluation; organizing relevant
after-class program involved students and myself, etc. I will also leverage my expertise of
being a linux veteran and a computer hardware guru to attract students.

I 'highly value hand-on experiences in teaching physics. Hand-on experiences help
reinforce the concepts learned in classroom by materializing those abstract concepts in a
more intuitive way. Having students in contact with the state-of-the-art computational
facilities will simulate their interests and make them better prepared for their future
career. Besides after-class homework and projects, in class physical and computer
demonstrations is my favorite approach to give students hands-on experience.

With a master degree in computer science, I am quite effective in using computers
to aid my teaching. I developed websites for my classes as an interface to engage the
students. Discussion forums and instant messages are my favorite tools to communicate
with students. To encourage the students to participate, I have students themselves act as
moderators on the discuss forums. While I am delighted to using modern technologies to
aid my teaching, I also learned from my experience that students still enjoy the traditional
classroom with a whiteboard and a marker. It is easier for students to following my
thinking in a traditional classroom. And, unlike a pre-designed slide show, I can also
adjust my teaching on-the-fly according to the responses of my students.

I am interested in developing courses specific to my research interest and
expetrtise, parallel computing and quantum mechanic simulations. The course, using the
current state-of-the-art open source programs such as ABINIT and PWscf and my own
code of Orthogonalized Linear Combination of Atomic Orbitals methods (OLCAO) as
tools, will introduce the theories and algorithms behinds them and trade-offs and
limitation of these approaches. Implementation practices such as messaging passing
interface (MPI), data decomposition, will also be addressed in the courses. I will

specifically emphasize on hand-on experiences by making student projects an integrate
part of the course.
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Accurate Redetermination of the X-ray Structure and Electronic Bonding

in Adenosylcobalamin
Lizhi Ouyang, Paul Rulis, and W. Y. Ching’

Department of Physics, University of Missouri—Kansas City, Kansas City, Missouri 64110

Giorgio Nardin and Lucio Randaccio®

Centre of Excellence in Biocrystallography— Department of Chemical Sciences,

University of Trieste, 34127 Trieste, Italy

Received July 18, 2003

The electronic structure of adenosyicobalamin (B, coenzyme, AdoCbl) has been calculated by a density functional
method, using the orthogonalized linear combination of the atomic orbital method (OLCAOQ). Since a fixed accurately
determined geometry was needed in such calculations, the crystal structure of adenosylcobalamin has been redone
and refined to R = 0.065, using synchrotron diffraction data. Comparison with the recently reported electronic
structures of cyano- (CNCbl) and methylcobalamin (MeCbl) shows that the net charges and bond orders vary only
on the axial donors. The values in the three cobalamins suggest that the Co—C bond in MeCbl has a strength
similar to that in AdoCbl, but it is significantly weaker that that in CNCbl. Present results are compared with those
previously reported for the analogous corrin derivatives; i.e., simplified cobalamins with the side chains a—f replaced
by H atoms. Despite a qualitative agreement, a discrepancy in the calculated HOMO-LUMO gap is found.

Introduction

The Bj; cofactors so far known are alkylcobalamins (RCbl)
consisting of a cobalt corrinoid with a pendant nucleotide
(with different purine base), which occupies five of the six
coordination sites of an octahedral Co(III). The sixth position
is occupied by the R group or by a CN ligand in the
cyanocobalamin (CNCbl), the vitamin B, itself (Scheme 1).
CNCbl is not a biologically active species, whereas the
cobalamins having R = methyl (methylcobalamin, MeCbl)
and 5'-deoxy-5'-adenosyl (coenzyme B;,, AdoCbl) are co-
factors of several enzymes. All the currently known reactions
of Bj,-dependent enzymes involve the making and breaking
of the Co—C bond.!

The MeCbl-based enzymes (methyltransferases) catalyze
the transfer of methyl groups, and the overall mechanistic
scheme requires a reversible heterolytic cleavage of the Co—
Me bond.2

The process catalyzed by AdoCbl-based enzymes (isomerase
and eliminase) proceeds through a stepwise process initiated

* To whom correspondence should be addressed. E-mail: randaccio@
univ.trieste.it (L.R.).

(1) Vitamin B; and By, Proteins; Kriutler, B. D., Arigoni, B. D., Golding,
B. T., Eds.; Wiley-VCH: Weinheim, 1998. Chemistry and Biochem-
istry of Bj;, Banerjee, R., Ed.; J. Wiley & Sons: New York, 1999.

(2) Matthews, R. G. Acc. Chem. Res. 2001, 34, 681—-689.

10.1021/ic0348446 CCC: $27.50 © 2004 American Chemical Society
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by the hemolytic cleavage of the Co—C bond.> The homoly-

sis rate in the enzyme is increased by a factor of about 10'2,
with respect to the free coenzyme. How such a spectacular
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Scheme 2
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acceleration is achieved by the interaction with the apoen-
zyme is a subject of debate and is not adequately understood
at present. The first structural determinations of B,; enzymes
(isomerase and methyltransferase)* indicated that the benz-
imidazole moiety (Scheme 1) moves away from cobalt (base-
off form) and is replaced by a histidine residue of the protein.
Thus, this was thought to be related in some way to the
homolysis acceleration. However, the X-ray structure of an
eliminase has recently shown that no benzimidazole dis-
placement occurs in this enzyme.’

It is clear that the understanding of the factors influencing
the Co—C bond cleavage also requires an in-depth study of
the electronic structure and bonding in cobalamins. Detailed
knowledge of the electronic properties of the Co—C bond
should also be instrumental in answering some additional
basic questions, such as which factors determine the different
behavior of MeCbl and AdoCbl toward the Co—C cleavage?
Accurate theoretical calculations on the isolated coenzymes
should, in principle, reveal the specific electronic features
that discriminate the Co—Me and Co—Ado bonds. Further-
more, the physicochemical properties, such as spectroscopic
data, of such biomolecules appear somewhat conflicting®~*
and could find an explanation on firm theoretical grounds.

Theoretical calculations were attempted in the past on
simple models'® and on the positively charged RCo—corrin
(Scheme 2), which are simplified cobalamins with the side
chains a—f (Scheme 1) replaced by the H atoms. These
studies'"!3 were based on semiempirical approaches and

(3) Marzilli, L. G. In Bioinorganic Catalysis; Reedijk, J., Bouwman, E.,
Eds.; Marcel Dekker: New York, 1999; pp 423—468.

(4) Drennan, C.; Huang, S.; Mattews, R. G.; Ludwig, M. L. Science 1994,
266, 1669—1674. Mancia, F.; Keep, N. J.; Nakagawa, A.; Leadly, P.
F.. McSweeney, S.; Rasmussen, B.; Bosecke, P.; Diat, P.; Evans, P.
R. Structure 1996, 4, 339—350.

(5) Shibata, N.; Masuda, J.; Tobimatsu, T.; Toraya, T.; Suto, K.; Morimoto,
Y.; Yasuoka, N. Structure 1999, 7, 997—1008.

(6) Dong, S.; Padmakumar, R.; Banerjee, R.; Spiro, T. G. J. Am. Chem.
Soc. 1996, 118, 9182—-9183. Dong, S.; Padmakumar, R.; Maiti, N.;
Banerjee, R.; Spiro, T. G. J. Am. Chem. Soc. 1998, 120, 9947—9948.
Dong, S.; Padmakumar, R.; Banerjee, R.; Spiro, T. G. J. Am. Chem.
Soc. 1999, 121, 7063—7070.

(7) Puckett, J. M., Jr.; Mitchell, M. B.; Hirota, S.; Marzilli, L. G. Inorg.
Chem. 1996, 25, 4656—4662.

(8) Hay, B. P; Finke, R. G. J. Am. Chem. Soc. 1987, 109, 8012—8018.

(9) Kumar, M.; Qiu, D.; Spiro, T. G.; Ragsdale, S. W. Science 1995, 270,
628—630.

(10) Christianson, D. W.; Lipscomb, W. N. J. Am. Chem. Soc. 1985, 107,
2682—2686. Hansen, L. M.; Pavan Kumar, P. N. V.; Marynick, D. S.
Inorg. Chem. 1994, 33, 728—735. Mealli, C.; Sabat, M.; Marzilli, L.
G. J. Am. Chem. Soc. 1987, 109, 1593—1594.

(11) Zhu, L.; Kostic, N. M. Inorg. Chem. 1987, 26, 4194—4197.

(12) Hansen, L. M.; Derecskei-Kovacs, A.; Marynick, D. S. J. Mol. Struct.
1998, 431, 53—57.
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sometimes reached conflicting conclusions. Only recently has
the density functional theory (DFT) been applied. to alkyl-
corrin complexes, with a dramatic increase in the number
of papers.'*!s However, accurate geometric parameters of
the molecule are very important for the linear combination
of the atomic orbital (LCAO) method. Until a few years ago,
structural data on cobalamins were of low accuracy, prevent-
ing meaningful comparison. The structure of the B;, coen-
zyme has been extensively studied by means of X-ray' and
neutron diffraction.!” However, these studies did not attain
an accuracy dramatically better than those obtained by
Lenhert in the early structural determination.'® Therefore,
Kratky and Krautler stated' that it is highly desirable that
an X-ray high-resolution structure of the coenzyme B,
become available. Analogously, a low-resolution structure
of MeCbl was reported many years ago.2 Only recently,
thanks to the use of the synchrotron X-ray source coupled
with area detectors (for high-speed data collection) as well
as improvement in the crystallization techniques, has accurate
structural data of several cobalamins been obtained?! includ-
ing the redetermination of CNCbl and MeCbl.22

On the basis of these accurate structural data, we have
recently calculated the electronic structure of CNCbI® and
MeCbI** by a first-principles method using for the first time
the complete cobalamin molecule including the side chains
(Scheme 1). These calculations have been found fully
consistent with UV—vis, XES, and XPS experimental data.
Now, we extend this theoretical approach to the complete
molecule of AdoCbl. Since our DFT approach requires fixed

(13) Rovira, C.; Kunc, K.; Hutter, J.; Parrinello, M. Inorg. Chem. 2001,
40, 11-17.

(14) (a) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. M. J. Phys. Chem.
B 2000, 104, 10921-10927. (b) Randaccio, L.; Geremia, S.: Nardin,
G.; Stener, M.; Toffoli, D.; Zangrando, E. Eur. J. Inorg. Chem. 2002,
93—103. (c) Jensen, K. P.; Saur, S. P. A; Liljefors, T.; Norrby, P. O.
Organometallics 2001, 20, 550—556. (d) Jensen, K. P.; Ryde, U. J.
Phys. Chem. A 2003, 107, 7539—17545. (c) Délker, N.; Maseras, F.;
Lledos, A. J. J. Phys. Chem. B 2003, 107, 306—315. (f) Andruniow,
T.; Zgierski, M. Z.; Kozlowski, P. M. J. Chem. Phys. 2002, 115,
7522—7533. (g) Jensen, K. P.; Ryde, U. J. Mol. Struct. (THEOCHEM)
2002, 585, 239—255.

(15) (a) Andruniow, T.; Zgierski, M. Z. Kozlowski, P. M. J. Am. Chem.
Soc. 2001, 123, 2679—2680. (b) Andruniow, T.; Zgierski, M. Z.;
Kozlowski, P. M. J. Phys. Chem. A4 2002, 106, 1365—1373.

(16) Savage, H. F. J.; Finney, J. L. Nature 1986, 322, 717—720. Savage,
H.F.J; Lindley, P. F.; Finney, J. L.; Timmins, P. A. Acta Crystallogr.,
Sect. B 1987, B43, 280—295.

(17) Bouquiere, J. P.; Finney, J. L.; Savage, H. F. J. Acta Crystallogr.,
Sect. B 1994, B50, 566—578. Bouquiere, J. P.; Finney, J. L.; Lehmann,
M. S; Lindley, P. F.; Savage, H. F. J. Acta Crystallogr., Sect. B 1993,
B49, 19.

(18) Lenhert, P. G. Proc. R. Soc. London, Ser. A 1968, A303, 45—84.

(19) Kratky, C.; Krautler, B. In Chemistry and Biochemistry of By,
Banerjee, R., Ed.; J. Wiley & Sons: New York, 1999; pp 9—41.

(20) Rossi, M.; Glusker, J. P.; Randaccio, L.; Summers, M. F.; Toscano,
P. J.; Marzilli, L. G. J. Am. Chem. Soc. 1985, 107, 1729—1738.

(21) Kratky, C.; Firber, G.; Gruber, K.; Deuter, Z.; Nolting, H. F.; Konrat,
R.; Kriutler, B. J. Am. Chem. Soc. 1995, 117, 4654—4670. Brown,
K. L.; Cheng, S.; Zubkowski, J. D.; Valente, E. J.; Kropton, L.;
Marques, H. M. Inorg. Chem. 1997, 36, 3666—3675. Randaccio, L.;
Furlan, M.; Geremia, S.; Slouf, M. Inorg. Chem. 1998, 37, 5390—
5393. Randaccio, L.; Geremia, S.; Nardin, G.; Slouf, M.; Smova, I.
Inorg. Chem. 1999, 38, 4087—-4092.

(22) Randaccio, L.; Furlan, M.; Geremia, S.; Slouf, M.; Smova, 1. Inorg.
Chem. 2000, 39, 3403—3413.

(23) Ouyang, L.; Randaccio, L.; Rulis, P.; Kurmaev, E. Z.; Moewes, A.;
Ching, W. Y. J. Mol. Struct. 2003, 622, 221-227.

(24) Kurmaev, E. Z.; Moewes, A.; Ouyang, L.; Randaccio, L.; Rulis, P.;
Ching, W. Y. Europhys. Lett. 2003, 62, 582—587.



Electronic Structure of Adenosylcobalamin

Table 1. Crystal Data and Structure Refinement for AdoCbl
formula

C1Hi00CoN3049P+1.25(C,H0)+8.25(H,0)

fw 1800.83

T.K 100(2)

A, A 0.737

cryst syst; struct group orthorhombic; P2,2,2,

a, 15.194(15)

b A 21.32(2)

¢ A 27.55(3)

v, A3 8923(16)

Z; paatcaMg/m? 4; 1.341

u, mm™! 0.295

F(000) 3834

crystal size, mm 0.20 x 0.20 x 0.50
refinement method full-matrix least squares on F?
data/restraints/params 19149/0/1113
goodness-of-fit on F2 1.001

final R indices [/ > 20()] R1%=0.066, wR2> = 0.187
R indices (all data) R1=0.067, wR2 = 0.188

“RU= Z|IFo| = IF/EIFol. ® WRy = [Ew(IFo|* — |Fl)Y/ZwiF "2,

highly accurate structural data, the X-ray analysis of AdoCbl
based on synchrotron data is also reported.

Experimental Section

Crystallization. Commercial samples of AdoCbl, with a stated
purity by the manufacturer of about 98%, were from Fluka. Several
attempts to grow single crystals by the hanging drop method under
different conditions?? led to red parallelepiped-shaped crystals, some
of which were used to collect diffraction data. However, the
subsequent data analysis showed that these crystals were of low
quality. By contrast, successive attempts to grow single crystals
by slow evaporation of AdoCbl water solution after the addition
of acetone were successful, and one of these crystals was used for
the final data collection.

X-ray Data Collection and Crystal Structure Refinement.
Data collection was carried out at the X-ray diffraction beamline
of the Elettra synchrotron (Trieste, Italy) using the rotating crystal
method and a 345 mm Mar image plate. Crystals were mounted in
a loop and frozen to 100 K, using a nitrogen stream cryocooler.
Intensity data were processed using the program DENZO and scaled
and merged using the program SCALEPACK .25 Friedel pairs were
not merged (anomalous dispersion included), and no absorption
correction was applied. The structure was solved starting from the
previously determined coordinates and refined by the full-matrix
least-squares method using SHELXL-97.2® Crystal data and
structure refinement details are displayed in Table 1.

Theoretical Method. The electronic structure of AdoCbl, using
the newly determined structure, was calculated by the ab initio
orthogonalized linear combination of the atomic orbital method
(OLCAO)* based on the density functional theory (DFT)?’ in its
local density approximation (LDA).2® Similar calculations for
CNCbl and MeCbl have been reported.232* The OLCAO method
is an all-electron method particularly suitable for large complex
crystals and molecules. In the OLCAO method, the basis functions
are expanded in terms of atomic orbitals, which are themselves

(25) (a) Otwinowski, Z.; Minor, W. Methods Enzymol. 1996, 276, 307.
(b) Sheldrick, G. M. SHELXL-97, Universitit Gottingen: Gottingen,
1997.

(26) Ching, W. Y. J. Am. Ceram. Soc. 1990, 73, 3135—60. Ching, W. Y
In The Magnetism of Amorphous Metals and Alloys; Fernandez-Baca,
J. A., Ching, W. Y., Eds.; World Scientific: Singapore, 1995; pp 85—
141.

(27) Hohenberg, P.; W. Kohn, W. Phys. Rev. B 1964, 136, B864—B871.

(28) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, A1131—1138. Sham,
L. J.: Kohn, W. Phys. Rev. 1966, 145, 561—567.

formed as linear combinations of Gaussian-type orbitals (GTO).
The LDA potential is constructed from the total charge density and
is conveniently written as a sum of atom-centered functions, which
also consist of GTOs. This facilitates the evaluation of various types
of multicenter integrals with no limitations on their ranges of
interaction. There are several special advantages to the OLCAO
method. First, the orthogonalization to the core procedure (or the
frozen core approximation) reduces the dimension of the final
secular equation and speeds up the self-consistent iterations, making
it applicable to complex biomolecular systems of up to thousands
of atoms. Second, the atomic description of the basis function allows
us to use the Mulliken scheme? to resolve the total density of states
(DOS) into atom- and orbital-resolved (or even spin-resolved) partial
components, or partial DOS (PDOS). The PDOS is a concept widely
used in solid-state physics, and provides information on the number
of energy states per unit range of energy and the parentage of the
state. The PDOS for each individual atom or a group of atoms in
a complex molecule is particularly useful because it can pinpoint
the complicated interatomic and intermolecular interactions of
specific functional groups in a graphic form. The PDOS result can
be compared with experimental data from resonant X-ray photo-
emission spectra, which explore the valence band states of the
molecule, as was demonstrated in refs 23 and 24. Third, the
Mulliken scheme can also provide effective atomic charge Qo* on

atom @, and bond order py g between pairs of atoms (a. and J)
which are defined as

Qa.’t = z z 2 C?uqﬂsiujﬂ (‘)

i nocc jB
Pas= 2, >, CuCisSaip @
L

In egs 1 and 2, Cj, is the eigenvector coefficients of the nth
state; Siajp is the overlap integral between wave functions with
atomic specifications of a and B and orbital specifications of i and
J. ©* is the total number of electrons on the o atom. The effective
charges provide information on atomic charge transfer, and the bond
order is a quantitative measure of the strength of the bond between
a pair of atoms. Since Mulliken analysis is more accurate when
the basis functions are localized, it is customary to calculate Q. *
and p, g using a separate minimal basis set calculation. The net
charge on atoms are calculated by subtracting O* from the number
of their valence electrons.

On the basis of the accurately determined crystal structures, the
electronic structure of AdoCbl molecule was calculated using the
OLCAO method. In contrast to previous theoretical investigations
on Co (corrin),'*!5 the present calculation includes all the atoms
in the side chain of the molecule. An extended basis set consisting
of atomic orbitals of Co (1s,2s,2p,3s,3p,4s,4p,3d, 5s,5p,4d), C, N,
and O (1s,2s,2p,3s,3p), P (1s,2s,2p,3s,3p,4s,4p,3d), and. H (1s,2s,-
2p) was adopted. Then, the secular equation has a dimension of
1387. More than 60 iterations are needed to have a fully converged
self-consistent potential when the eigenvalues stabilize to within

0.00001 eV.
Results

X-ray Structure. X-ray analysis showed that the acetone
content per Co atom is 1.25 as compared with that of 0.15

(29) Mulliken, R. S. Electron Population Analysis on LCAO-MO Molecular
Wave Functions. 1. J. Am. Chem. Soc. 1958, 23, 1833—1840. Mulliken,
R. S. Electron Population Analysis on LCAO-MO Molecular Wave
Functions. I1. J. Am. Chem. Soc. 1955, 23, 1841—1846.



Figure 1. ORTEP drawing of AdoCbl. Atoms are drawn at the 30%
probability level. The two orientations of the e chain are both reported and
indicated by the double arrow.

detected in the AdoCbl crystal structure, determined by
neutron diffraction at 15 K.'* However, the unit cell
parameters are very similar.

An ORTEP drawing of AdoCbl is shown in Figure 1. The
superimposition of the non-H atom skeletons of AdoCbl,
obtained from neutron and X-ray data, is shown in Figure
2. They superimpose quite well, with only some conforma-
tional changes involving the adenosyl and ribosyl moieties
and the e amide chain (Scheme 1). In the present structure
the latter has two distinct conformations with half-occupancy
each. One of the two conformations superimposes well with
that found in the neutron structure. This conformational
difference should be attributed to the different acetone
content. In fact, the acetone molecule with half-occupancy
(the other having 0.75 occupancy) is located in the same
region where one of the two conformations of chain e is
located.

The coordination bond lengths and angles in the present
structure do not differ dramatically from those previously
reported,'¢3? as well as the Co—CH,—C angle (Table 2).
However, that the accuracy (as measured by the estimated
standard deviations on distances) of the AdoCbl X-ray
structure is higher than the neutron one can be appreciated.

The axial distances and some other physicochemical
properties of CNCbl, MeCbl, and AdoCbl are compared in
Table 2. These data show that there are significant differences
in the geometry of the axial fragment, in ground-state
physicochemical properties, and in the half-wave potentials,
E\n, between the two coenzymes. On the other hand, it has
been shown that the Co—N equatorial distances are es-
sentially unaffected by the change in the axial R ligand.3

(30) The two short Co—N21 and Co—N24 distances?'?? average to 1.876
(4) A in both coenzymes, and the two long Co—N22 and Co—N23
ones average to 1.920 (4) and 1.915 (3) A in MeCbl and AdoCbl,

respectively.
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AdoCbl 15 K Neutron

AdoCbl 100 K X-ray

Figure 2. Superimposition of AdoCbl skeletons from neutron (red) and
X-ray (black) data. One of the two orientations of the e chain is in blue.

Comparison of data in Table 2 shows the following:

(i) There is a significant lengthening of the Co—N bond
in AdoCbl, indicating that Ado exerts a trans ‘influence
greater than that of Me.

(ii) The Co—C bond is appreciably lengthened in AdoCbl.
Correspondingly, the vc,-c frequency and the Co—C bond
dissociation energy (BDE) decrease. Therefore, the Co—C
bond in AdoCbl should be weaker than that in MeCbl. The
weakening appears to be related to the larger bulk of the
Ado group, which is only partially released by the unusual
opening of the Co—C(sp*)—C angle up to 123°. However, a
contribution to this lengthening (weakening), due to the
different electronic properties of Ado and Me, cannot be
ruled out, as suggested in simple models.3!

(iii) The lengthening of the axial distances in AdoCbl with
respect to MeCbl corresponds to a less negative value of
E\p, i.e., to a less electron rich cobalt center.

The above experimental evidence supports the notion that
the Co—C bond in MeCbl is stronger than that in AdoCbl.
However, it does not find correspondence in the results of
theoretical calculations described below.

Theoretical Calculations. Recent DFT theoretical calcu-
lations on corrins focused on factors which could enhance
the Co—C homolysis. Optimization of the geometry of
R—Co—corrin—base (with several R and L axial base
ligands), confirmed'* spectroscopic data®’ that variation of
L has little effect on the Co—C bond. Calculations indicate
that Ado(corrin)L has ca. 5 kcal/mol higher HOMO and
LUMO energy with respect to the methyl analogue, when L
= 5,6-dimethylbenzimidazole (bzm). This finding was
claimed to be a theoretical explanation as to why AdoCbl

undergoes homolysis more easily and MeCbl undergoes
heterolysis more easily.'4

(31) Randaccio, R.; Geremia, S.; Zangrando, E.; Ebert, C. Inorg. Chem.
1994, 33, 4644—4650.
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Table 2. Comparison of Some Geometric Parameters (esd’s in Parentheses), and Spectroscopic, Electrochemical and Thermodynamic Properties of the

Axial Fragment in MeCbl, AdoCbl, and CNCbl

Co-C (A) Co-NB3 (A) Co—C—C (deg) Veo-ct (cm™Y) Egt (V) BDE¢
MeCbl 1.979 (4) 2.162 (4y¢ 506 -1.60 3743
AdoCbl (X-ray) 2.030 3) 2237 (3 1234 (2)¢ 430 -1.35 30+2
AdoCb¥ (neutron) 2,023 (10) 2214 (9) 122.6
CNCbH 1.886 (4) 2.041 (3) 180.0 (1)

“ Reference 6; data were obtained with resonance Raman spectroscopy. A similar value of 500 cm™! for crystalline MeCbl was obtained by Fourier
transform Raman spectroscopy (Nie, S.; Marzilli, P. A.; Marzilli, L. G.; Yu, N. T. J. Chem. Soc., Chem. Commun. 1999, 770—771). ® Lexa, D.; Saveant, J.
M. J. Am. Chem. Soc. 1978, 100, 3220—3222. Sheperd, R. E.; Zhang, S.; Dowd, P.; Hoi, G.; Wick, B.; Choi, S. Inorg. Chim. Acta 1990, 174, 249—256.
¢ Martin, B. M.; Finke, R. G. J. Am. Chem. Soc. 1992, 114, 585—592. BDE = Co—C bond dissociation energy toward homolysis in kcal/mol. 4 Reference

22. ¢ Present work. / Reference 18.

Table 3. Net Charge (NC) on Co and Donor Atoms and BO of
Coordination Bonds®

CNCbl

MeCbl° AdoCbl
NC(Co) +0.72 +0.71 +0.71
NC(NB3) —0.35 —0.34 —0.36
NC(C) +0.01 —0.81 —0.58
NC(N21-24)¢ . —030 =0.32 —0.31
NC(N22-23)¢ —0.36 —0.36 —0.36
BO(Co—C) 0.25 0.13 0.15
BO(Co—NB3) 0.18 0.16 0.15
BO(Co—Neqy! 0.21 023 023

2NC is derived by subtracting 0* from the number of valence electrons
of the given atom. ® Reference 23. ¢ Reference 24. ¢ Mean values.

However, in all the above calculations wave functions of
the electronic state were not explicitly discussed. Wave
function and charge distribution are important aspects of the
electronic structure. In Table 3, we list the calculated
Mulliken charges and bond orders in the AdoCbl molecule
and compare them with the results of similar calculations

on MeCbl** and CNCb1.2® Only those atoms bonded to Co
are listed.

For the net charges, we observe that (1) Co as a cation
loses about 0.7 electron. (2) The net charges on the N atoms
in the corrin ring (N21, N22, N23, N24) are similar. On
average, each N gains about 0.33 electron. (3) The net charge
of NB3 is —0.36. (4) The net charge of the C atom bonded
to Co, Ca, is —0.58. (5) The net charge for the C atoms in
the corrin ring ranges from +0.13 to —0.33 (not listed, but
very similar to those in refs 23 and 24), indicating a resonant-
like character for C in the corrin ring. (4) The net charges
of all the other atoms in the molecule are similar to those in
CNCbI? and MeCbl.* (5) With the exception of the C atom
bond to Co, the corresponding net charges in all three
molecules are very close to each other. The situation is
slightly different in the case of bond order. We find the bond
order for the Co—C in AdoCbl, MeCbl, and CNCbl to be
0.15, 0.13, and 0.25, respectively. Thus, in AdoCbl, the
Co—C bond order is only slightly higher than that in MeCbl
and much lower than that in CNCbl. On the other hand, the
bond order of Co—NB3 is only 0.15, much less than that of
0.23 for the Co—Neq bond. In all three cases, the C—N bonds
in the corrin ring are stronger than the C—C bonds, and the
Co—NB3 bond is weaker than the Co—N bonds in the ring.
Therefore, the corrin ring has a fairly rigid perimeter with
weaker bonds in the middle where the metal ion sits.

Figure 3 shows the PDOS in AdoCbl. We focus the PDOS
on the following seven groups: (1) Co; (2) Ca; (3) the other
atoms of Ado; (4) sp? bonded C atoms in the corrin ring;
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Figure 3. Calculated PDOS of AdoCbl: Co, Ca, the rest of
Ado, C in CR, N in CR, and N3B.

atoms in

(5) sp® bonded C atoms in the corrin ring; (6) N atoms in
the corrin ring; (7) N3B atom. Similar PDOS on any atom
or groups of atoms in the molecule can be obtained. The
following facts are observed: (1) There is clearly a gap of
about 2.0 eV separating the occupied and unoccupied Co
states. The HOMO state involves the orbitals from Co, and
N and C atoms in the corrin ring. From the inspection of
the wave functions, it is determined that the occupied ones
are the tyg (xy, yz, zx) states and the unoccupied ones are the
eg states (x2 — )2, 322 — r2). (2) There is very little
participation of Co orbitals in the LUMO state. The LUMO
state is dominated by the C—N and C—C interactions in the
corrin ring and in the Ado group. (3) The PDOS for N3B
and those N atoms in the corrin ring are different. The strong
peaks near —19 eV are from the N 2s orbitals. This level is
at a higher binding energy than the N atoms in the corrin
ring. (4) The R6 panel contains all the atoms of Ado,
excluding Ca (see Scheme 1). Their PDOS are distributed
over all energy ranges except in the top 2 eV region near
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Figure 4. Comparison of PDOS of Co in AdoCbl, MeCbl, and CnCbl.
The spectra are all slightly broadened.

the HOMO, where they are conspicuously absent. On the
other hand, they contribute significantly to the LUMO state.
The strong peaks below —18 eV in the Ado molecule come
from the localized states of strong C—O and C—N bonds in
the molecule. (5) In the C6, i.e., Ca, panel for AdoCbl, the
strong bonding peaks with the H atoms in MeCblI?* are no
longer present, but the Co—C bonding and the antibonding
states are similar. The Co—C antibonding state in AdoCbl
is at a slightly lower energy level (2.5 eV), indicating the
influence of other atoms on the Co—C bond in the two
molecules.

In Figure 4, we compare the PDOS of Co in AdoCbl,
MeCbl, and CNCbl. It can be seen that the local PDOS for
Co in AdoCbl and MeCbl are only slightly different, mainly
in the unoccupied states. However, they differ quite signifi-
cantly from the PDOS of Co of CNCbl. In the latter case,
the HOMO state has negligible Co component. On the other
hand, the LUMO state in CNCbl is significantly enhanced
with Co 3d orbitals. This is consistent with the fact that the
net charge on the C in CN of CNCbl is +0.01 compared to
those for C of —0.81 and —0.58 for MeCbl and AdoCbl,
respectively. It is also consistent with the much larger bond
order for Co—C in the case of CNCbl.

Discussion

Comparison of the net charges for CNCbl,22 MeCbl,? and
AdoCbl shows that they are essentially equal for all the
corresponding atoms, with the exception of the Ca atom
(Table 3). The net charge of the latter is +0.01, —0.81, and
—0.58 for CNCbl, MeCbl, and AdoCbl, respectively. This
result seems to reflect principally the electronic influence
of the different substituents on Ca. (Scheme 1). However,
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the nature of R does not appear to affect the net charge of
the metal center or the other five N donors. This does not
agree with the previous conclusions,**¢ based on DFT
geometry optimization of the analogous corrins, that the Ado
group induced more electronic charge density on Co than
Me. The net charges on the N21, N24 donor pair are slightly
less negative than those on the N22, N23 donor pair, and
correspondingly the Co—N21 and Co—N24 distances are
shorter than the Co—N22 and Co—N23 ones.3® The bond
orders (BOs) are very similar for all the bonds in the three
cobalamins, if the Co—C bond and a slight decrease in the
Co—NB3 bond order from CNCbl to AdoCbl are excluded
(Table 3). These results are consistent with the structural
data?"22 which suggest that the change in R affects signifi-
cantly only the axial distances. Furthermore, the trend in BOs
within the delocalized moiety of the corrin ring (equal in
the three cobalamins) reflects that of the experimental
distances.?!”> The Co—CN BO is about twice those of the
Co—Me and Co—Ado bonds, suggesting a significant Co to
CN & back electron donation, i.e., a significant Co—CN
double bond character. Unexpectedly, the Co—C bond order
in AdoCbl is essentially equal to or even higher than that in
MeCbl. This could contrast with experimental data, reported
in Table 2 (bond lengths, BDES, and stretching constants),

which suggest that the Co—Me bond is significantly stronger
than the Co—Ado bond.

It may be appropriate to compare our ab initio calculation
using the OLCAO-LDA method to the recent calculation of
Jensen et al.,'* who have performed the DFT calculations
on By; models that contain the entire corrin ring. However,
all the side chains including the important nucleotide loop
which contains the strongly electron negative PO, group were
neglected. Although both calculations are based on DFT,
there are significant variations in the approach, computational
algorithm, exchange-correlation functional, and, most im-
portantly, the aim of the calculation. Jensen et al.’s work
focused mainly on the geometry optimization of the corrin
ring with different models of the attached a-axial ligands.
They used the B3LYP potential and hybrid basis functions.
The accuracy of the relative energies is the most important
issue in determining various bond lengths and bond angles.
They showed that the HOMO—LUMO gaps of the eight
models studied differ very little, in the 3.3—3.4 eV range.
Unfortunately, the calculated Co—NB3 (N,) bond distance
in MeCbl differs from the measured value by 0.14 A, or
6.4%, indicating a possible deficiency in the calculation.
They also found large differences in the equilibrium structure
of the CNCbl model from those of MeCbl and AdoCbl. It
should be noted that Jensen and Ryde have suggested that
the B3LYP DF approach seems to be a problem in calculat-
ing the BDE energies in MeCbl."d This large difference
could reflect the small energy differences with respect to
the conformational changes in these molecules.

Andruniow, Kozlowski, and Zgierski'*f also used a similar
method to perform time-dependent DFT calculations on some
of the truncated B, models. The significance of their work
is the calculation of an absorption spectrum for vitamin B,
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which showed good agreement with the measured data, if a
shift in the energy scale is applied.

In contrast, the present study aims at the electronic
structure and bonding in By, coenzymes using the highly
accurate experimentally determined molecular structure.
Thus, the full molecule is used, with all the side chains
included in the calculation to avoid the need for geometry
optimization. Using atomic basis functions and an effective
orthogonalization to the core scheme, a fully self-consistent
quantum mechanical calculation of this large and complex
molecule was accomplished. The results enable us to
understand the energy spectrum in terms of atom-resolved
PDOS and the effects of charge transfer and bond strength
using the effective charge and bond order calculations. Our
calculated HOMO—LUMO gaps for the three cobalamins
CNCbl, MeCbl, and AdoCbl are 1.96, 2.09, and 2.00 eV,
respectively. They are smaller than those of ref 14¢ (3.38,
3.33, and 3.31 eV in the same order). This can be attributed
mainly to the differences in the computational methods and
to the different molecular geometries used in the respective
calculations. Remarkably, both calculations show that the
electronic structure of CNCbl should be significantly different
from those of MeCbl and AdoCbl, and that their variations
in the HOMO—LUMO gap should be small.

Finally, the efficiency and the versatility of our compu-
tational method for complex biomolecular systems have been

fully demonstrated. We expect to extend our investigations
to include the presence of solvent molecules and their effects
on the overall electronic structure of the B, molecules.

In conclusion, this analysis suggest that the electronic
structure reflects most of the features of cobalamins, as well
as the differences between them, and can be considered as
a good starting base to examine the modifications induced
on the Co—C bond by electronic and steric perturbations. In
the case of CNCbl and MeCbl, the calculated electronic
structure is in good agreement with the soft-X-ray fluores-
cence measurements.?>? It is highly desirable that similar
measurements can be extended to AdoCbl as well.
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The structure and electronic bonding in the spinel SiAION (Sig—,Al,O,Ng_,, z=1) derived from
the cubic c¢-Si;N, are studied by a first-principles density functional method. Al prefers the
octahedral site of the spinel lattice. The small energy difference between the four possible structural
configurations indicates that the real SIAION may be a random solid solution. The lowest energy
configuration of ¢-SisAION; is a semiconductor with a direct LDA band gap of 2.29 eV. © 2002
American Institute of Physics. [DOIL: 10.1063/1.1491004]

Si;N, and SiAIONs are important high temperature
structural ceramics with many outstanding properties."2
They have been increasingly utilized in a variety of engineer-
ing and electronic applications. In particular, the quaternary
SiAION system offers additional parameter variations that
could further enhance its role as a significant industrial ma-
terial where high strength, wear resistance, and chemical in-
ertness along with special electronic and dielectric properties
are required.> A fundamental understanding of its structure
and bonding is important for its successful applications.
There are two well-known SiAION systems with a hexago-
nal lattice structure, a-SiAlON and SB-SiAION, which are,
respectively, derived from a- and B-Si3N,4 by pair substitu-
tion of (Si, N) by (Al, 0).37 They can be represented by the
chemical formula Sig_,Al,0,Ng_, with z ranging from O to
near 4. The exact sites of substitution are unknown since
x-ray diffraction can hardly distinguish the variation in elec-
tron density, and it is widely believed that SiAION is actually
in the form of a solid solution. Similar pair substitution in
Si,N,O results in the so-called O'-SiAION series.’

Recently, it was reported that in addition to a- and
B-SisN4, cubic SisNg (c-SizNy) with a spinel structure
could be synthesized at high temperature and pressure.” An
aspect of this discovery is that Si in c-Si;Ny can assume
both tetrahedral and octahedral bonding, in contrast to the
traditional belief that Si in Si;N, is always tetrahedrally
bonded. This has stimulated a flurry of both experimental®~'*
and theoretical'>~%° activities in the search of additional spi-
nel nitrides and in exploring their properties. Based on care-
ful theoretical calculations, we predicted that other single
and double spinel nitrides with cation elements from group
IVB and group IVA of the Periodic Table are possible.?
Some of them can possess a variety of astonishing proper-
ties. Since then, several laboratories have verified the exis-
tence of c-SisN,, c-Ge;Ny, and c-SnyN,.'*'* However,
until now we are not aware of any successful synthesis of
double nitrides of the form AB,N4. The existence of
c-Si3N, naturally leads to the speculation that cubic spinel
SiAION should also exist by analogous pair substitution. It
was therefore particularly encouraging when Sekine et al.
reported the successful synthesis of cubic SIAION using a
shock compression method.2' Although the precise structure

YElectronic mail: chingw @umkc.edu.

of the sample from the shock compression experiment was
difficult to determine, and the sample may contain a mixture
of amorphous phase, the presence of multicomponent spinel
nitrides was unquestionable. Other laboratories may report
similar success using this or other high-pressure techniques.
Indeed, Schwarz and co-workers reported the successful syn-
thesis and structure determination of spinel SiAION by con-
version of B-Si,AION, at a pressure of 13 GPa and a tem-
perature of 1800°C.%

In this letter, we report a theoretical investigation of the
low energy structures of spinel SiAION. We restrict our-
selves to the simplest case of one pair substitution, or
c-Sig-,Al,O,Ng_,, with z=1. In this case, there is still
some symmetry left to make the calculation less demanding.
The unit cell contains one formula unit of SisAION,. After
the full relaxation of the structure, the electronic structure
and bonding for the c-SiAION are studied.

The spinel structure AB,N, has a space group of Fd3/m
(No. 227). Cation A occupies the tetrahedral site 8a, and
cation B occupies the octahedral site 16d while the N atoms
are at the 32e site. There is one internal parameter u, which
determines the position of N ions. The primitive cell (trigo-
nal) contains two formula units (14 atoms). The positions of
these 14 atoms are listed in Table I. When a pair of (Si, N)
atoms is replaced by the (Al, O) pair, the symmetry is re-
duced. There are two possible choices for Al substitution:
The A site substitution and the B site substitution. Careful
symmetry analysis shows that there are two possible con-
figurations for each case. We will label them as A1, A2 and
B1, B2, respectively. For the A-site substitution, the symme-
try is lowered to the space group of T,,—2. There are only
two unique sites for N. O substitution at site 7 or site 11
defines the two models Al and A2. The symmetry is then
further reduced to a space group of C3v-5 such that there are

b)
FIG. 1. Primitive cell of: (a) c-Si3N,; and (b) c-Sis;AION; (model B2).
Dark (light) balls are N (Si) atoms. In (b) the gray ball is the substituted O
and the central ball is the substituted Al.
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TABLE 1. Initial atomic positions of the four SIAION models in the cubic
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spinel structure. Atoms 1,2: 8a site; 3-6: 16 d site; 7-14: 32e site.

Fractional coordinates

L. Ouyang and W. Y. Ching

| 0.0000 0.0000 0.0000
2 0.2500 0.2500 0.2500
3 0.6250 0.6250 0.6250
4 0.6250 0.6250 0.1250
5 0.1250 0.6250 0.6250
6 0.6250 0.1250 0.6250
7 0.3844 0.3844 0.3844
8 0.3844 0.3844 0.8468
9 0.8468 0.3844 0.3844
10 0.3844 0.8468 0.3844
1 0.8656 0.8656 0.8656
12 0.8656 0.8656 0.4032
13 0.8656 0.4032 0.8656
14 0.4032 0.8656 0.8656
¢-SisN, Al A2 Bl B2
1 Siw Al Al Si; Sj,
2 Siw  Si, Si, Si, Si,
3 Sina Si; Si; Al Si,
4 Sig Siy Siy Siy  Sis
5 Sin Siax  Siy  Siy  Sig
6 Si., Siy Siy Siy Al
7 N O N O O
8 N N N, N N,
9 N N N, N N
10 N N N, N N
11 N N, O N, N,
12 N N, Ny Ny N,
13 N Ny, Ny Ny N,
14 N N. N; N Ns

Calculated TE (eV/cell) relative to B2

Direct band gap (eV)

3.45

1.082 0.983 0.367 0.000
324 289 302 229

three nonequivalent N sites. For the B-site substitution, the
symmetry is first lowered to the space group of D3d-5 for Al
at any of the octahedral sites. Without loss of generality, we
assume the substitution is at site 3 (model B1) and site 6
(model B2), with O at site 7. Again, N atoms at the 32e site
split into three different types for B1 and five different types
for B2, which has the lowest symmetry of all. These four
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FIG. 3. Total and partial DOS of c-Si;AION, (model B2). Note Siy, N;,
and N, have twice as many atoms.

configurations are summarized in Table 1. The primitive cell
of the B2 model is shown in Fig. 1.

All four initial structures were relaxed by a total energy
minimization scheme??* based on the ab initio orthogonal-
ized linear combination of atomic orbitals (OLCAO)
method.? This is an efficient scheme that can optimize crys-
tal geometry with the variation of both the lattice constants
and internal parameters constrained only by the crystal sym-
metry. Of the four models, B2 has the lowest energy and Al
has the highest energy. This indicates that Al in c-SiAION
prefers the octahedral site to the tetrahedral site. However,
the maximum difference between them is quite small, less
than 0.08 eV per atom. The differences between A1, A2, and
B1, B2 are even smaller. The energy differences are listed in
Table I. It is entirely possible that the real c-SiAION material
may exist in the form of random solid solutions. We also
found that the pair substitution for z=1 resulted in an in-
crease of the unit cell volume by 1.11% in model B2 and
1.76% in' model A1. The facts that Al prefers the octahedral
site and that (Al,O) pair substitution leads to lattice expan-
sion are fully consistent with Ref. 22.

The electronic structure of ¢-SisAIONj; is calculated us-
ing the density functional-theory based OLCAO method®
with a local density approximation. The same method has
been used in the study of many complex crystals including

c-Si3N, and - and oz—Si3N4.'5'26 The calculated band struc-
tare FAr mndP] R? iQ ehnwn in Fia 9 The tntal doncitu ~f
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TABLE Il. Comparison of calculated effective charge O* and the average
bond order (BO) in ¢-Si3N, and ¢-SisAION, (model B2). The average bond
lengths (BL) are in parentheses.

Atom Q* (electron) BO (BL A)
¢-Si;AION
Si) 2.59 0.366 (1.805)
Siy 248 0.349 (1.797)
Siy 2.62 0.238 (1.908)
Siy 2.58 0.239 (1.905)
Al 1.66 0.200 (1.947)
(6] 6.93 0.146 (1.963)
Ny %2 6.10 0.280 (1.882)
N, 6.03 0.274 (1.867)
N, 6.10 0.281 (1.853)
NyXx2 6.08 0.277 (1.874)
Ns 6.07 0.271 (1.903)
C‘si:\N,‘
Sy 265 0.362(1.831)X4
Sige 2.58 0.241(1.885)X6
N 6.05 0.271(1.872) X8

gaps for the other three models are listed in Table 1. The real
band gap could be somewhat larger since it is well known
that LDA calculation generally underestimates the band gap.
It appears that the A-site substitution results in a slightly
larger band gap than the B-site substitution. c-Si; Ny is also a
direct band gap insulator with a larger gap of 3.45 ev.’
Previous calculations of B-SiAION with z=1-4 obtained
smaller band gap values which are believed to be underesti-
mated because the structures of S-SiAION used in that cal-
culation were not relaxed.”’” When a pair of (Al,0) atoms is
substituted for a pair of (Si, N) atoms, the DOS becomes
more complex (Fig. 3) due to the introduction of the Al-N,
Al-0, and Si-O bonds. In model B2, Si; and Si, are at the
tetrahedral site with Si, having one Si—O bond. Si; and Si,4
are at the octahedral site with Siy having one Si—O bond.
The Al at the octahedral site has an Al-O bond and five
Al-N bonds. For the N ions, N, and N5 each have four Si-N
bonds while N;, N3, and N, all have one Al-N bond and
three Si—N bonds. A careful examination of the PDOS shows
that the major variation is in the PDOS of the N ions. The
effect of Al substitution is to introduce states near the top of
the valence band (VB). The main effect of O substitution is
the introduction of the Al-O bond and Si-O bonds, which
affect the lowest conduction band (CB), and are responsible
for the reduction in the band gap. It also introduces a deeper
02s level at —19.5eV. However, the overall total DOS of
¢-SiAION is not much different from that of c-Si3N4.'5

In Table II, we list the calculated Mulliken effective
charge®® and bond order for model B2, and compare them
with those of ¢-Si3N,."* In ¢-Si;N,, Si at the tetrahedral
site has a much stronger covalent bond with N than Si at the
octahedral site, mainly because of the difference in the bond
lengths. In addition to the fact that an Al-O bond is more
ionic than a Si-N bond, in the SiAION system, substitution
of the a (Si,N) pair by a (Al,0) pair introduces a much
greater variation in the bond lengths, so only the averaged
bond order and BL for each atom are listed. Generally speak-
ing, cations at the tetrahedral site have larger bond order than
cations at the octahedral site, and (Al,0) have weaker bonds

L. Ouyang and W. Y. Ching 231

crystal bond order, which is a measure of the overall bond
strength of the crystal, is 8.347 for c-SisAION;, only
slightly lower than that of ¢-Si;N, (8.670). We thus expect
c-SiAION to have a low compressibility similar to c-Si;N,.

In conclusion, we have elucidated the structure and elec-
tronic properties of the new spinel SiAION. ¢-SiAION (z
=1) is a semiconductor with a direct LDA band gap ranging
from 2.29 to 3.24 eV. Since, c-SiAION most likely exists in
the form of solid solutions, this band gap can be tuned with
the z value. This tunability of the band gap offers great flex-
ibility in its potential application as a viable electronic and
optoelectronic material. It is also shown that ¢-SiAION re-
tains strong covalent bonding similar to ¢-Si;N,.

This work was supported by U.S. Department of Energy
under Grant No. DE-FGO02-84ER45170 and the NEDO Inter-
national Grant from Japan, and partially by NSF Grant No.
DMR-00162 in collaboration with NANOAM Project of EU-
CODIS (G5RD-CT-2001-00586).

'"Mater. Res. Soc. Symp. Proc. 287, (1993), special issue on silicon nitride
ceramics edited by I. W. Chen, P. F. Becher, M. Mitomo, G. Petzow, and
T.-S. Yen.

2Silicon Nitrides 93, edited by M. J. Hoffmann, P. F. Becher, and G. Pet-
zow. (Trans. Tech., Switzerland, 1994); W.-Y. Ching, S.-D. Mo, I. Tanaka,
and M. Yoshiya, Phys. Rev. B 63, 064102 (2001).

. Ekstrom and M. Nygren, J. Am. Ceram. Soc. 75, 259 (1992).

‘L. L. K. Falk, Z.-). Shen, and T. Ekstrom, J. Eur. Ceram. Soc. 17, 1099
(1997).

3X. Jiang, Y.-K. Baek, S.-M Lee, and S-J. L. Kang, J. Am. Ceram. Soc. 81,
1907 (1998).

®M. E. Bowden, G. C. Barris, and I. W. M. Brown, J. Am. Ceram. Soc. 81,
2188 (1998).

TA. Zem, G. Miege, G. Serghiou, M. Schwarz, E. Kroke, R. Riedel, H.
Fuess, P. Kroll, and R. Boehler, Nature (London) 400, 340 (1999).

8T. Sekine, H. He, T. Kobayashi, M. Zhang, and F. Xu, Appl. Phys. Lett.
76, 3706 (2000).

%). Z. Jiang K. Stahl, R. W. Berg, D. J. Frost, T. J. Zhou and P. X. Shi,
Europhys. Lett. 51, 62 (2000).

K. Leinenweber, M. O’Keefe, M. S. Somayazulu, H. Hubert, P. F. Mc-
Millan, and G. H. Wolf, Chem.-Eur. J. 5, 3076 (1999).

"1G. Serghiou, G. Miehe, O. Tschauner, A. Zerr, and R. Boehler, J. Chem.
Phys. 111, 4659 (1999).

21, Tanaka, T. Mizoguchi, T. Sekine, H. He, K. Kimoto, T. Kobayashi, S.-D.
Mo, and W. Y. Ching, Appl. Phys. Lett. 78, 2134 (2001).

E. Soignard, M. Somayazulu, J. Dong, O. F. Sankey, and P. F. McMillan,
J. Phys.: Condens. Matter 13, 557 (2001).

M. Shemkunas, W. T. Petuskey, and G. H. Wolf, J. Am. Ceram. Soc. 85,
101 (2002).

13S.-D. Mo, L. Ouyang, W. Y. Ching, 1. Tanaka, Y. Koyama, and R. Riedel,
Phys. Rev. Lett. 83, 5046 (1999).

165, E. Lowther, Phys. Rev. B 60, 11943 (1999).

"W. Y. Ching, S.-D. Mo, L. Ouyang, 1. Tanaka, and M. Yoshiya, Phys. Rev.
B 63, 064102 (2001).

8W. Y. Ching, S.-D. Mo, L. Ouyang, I. Tanaka, and M. Yoshiya, Phys. Rev.
B 61, 10609 (2000).

YW. Y. Ching, S.-D. Mo, and L. Ouyang, Phys. Rev. B 63, 245110 (2001).

2W. Y. Ching, S.-D. Mo, Y. Chen, and P. Rulis, J. Am. Ceram. Soc. 85, 75
(2002).

21T, Sekine, H. He, T. Kobayashi, M. Tansho, and K. Kimoto, Chem. Phys.
Lett. 344, 295 (2001).

M. Schwarz, A. Zer, E. Kroke, G. Miehe, 1.-W. Chen, M. Heck, B. Thy-
busch, B. T. Poe, and R. Riedel, Angew. Chem. Int. Ed. Engl. 41, 789
(2002).

'W. Y. Ching, L. Ouyang, and J. Gale, Phys. Rev. B 61, 8696 (2000).

241, Ouyang and W. Y. Ching, J. Am. Ceram. Soc. 84, 801 (2001).

2W. Y. Ching, J. Am. Ceram. Soc. 73, 3135 (1990).

26y,-N. Xu and W. Y. Ching, Phys. Rev. B 51, 17379 (1991).

’W. Y. Ching, M.-Z. Huang, and S.-D. Mo, J. Am. Ceram. Soc. 83, 780
(2000).



"(v@7) uwowewmxoidde A}1suap [ed0] 9Y3 JO YI0MAUIERy a3 Ul ([6] 301 898) (OVDTO) voﬁom_.n_
[231qI0 STUIOYe 3Y3} JO UOHRUIqUIOD Iesul] pazireuc3oqyio omus go paseq £109y3 euonouny
-Aysusp Y3 BuISn peyEMO[ED Smom suTETR 9pts [Te Surpnpur (Apancedsal ‘0D dEINPIO 16 HED
pTe 0D g*INPIOSRHESD) Se[oelow [GO-SHD PUR [QD-ND JO 2IMIonils JUONRP YL
“TequI ;_(T - § 40[3q SEA SHUITISINSESU Y3 Suunp
Iqueyo wWnnoes oYy U amssexd oy, A31eus ssed ay3 JO %4G'1 Sem IdzA[ewe Y3 Jo UOHN{OSar
(31000 oYL, “(NHMJ A° €0 @ JO UOMeIpE: °)/-[y PIZIyemioNouom fius ‘® 009 IHJ) 2t
-"o1309]5] [edISATJ JO 1939w01309ds YOSH Ue Yaa pouLtojzad a1em sjuewraInsedw 54X AYL
- *A®8°0—2'0 Sea uonnjosal £315ua aY3 SHX £'27 91eqOd 10§ ‘A H°0—€"0 JO UOHNOSaL £313us ue
I pomsesm arom B1303ds °37 we34£x0 pue uafoniu ‘uoqre) ‘Kjearyoadsal (SFX) e1309ds uols
-sTuIe ARI-Y 1308 9y} ‘€27 o) Pwe 37 O “° N °¥ D A[JTeUOS3I-UOU 331IX3 0} I9PI0 UT A3 (0P8
pue 035G ‘0S¥ ‘00€ 03 pouny st suojoyd JueplW Y3 Jo 431eUs UOHEIIXD AL (8] wotyesspus
20u30saIONg LeI-Y S) puE LI03RIOqE] [EUOlEN 49[eNIog 30ULIMET] e J0IMog 1931] paduRApY
91} JO (' SUT[UIRa( € PAINSLIWT SIM (SAX) e1909ds uotssTws Ae1-X 308 (uonisue13 dg sppe)
£'27 qreqod pue (uoyiswexy sT + dg) 3 WELxo pue ua30131U ‘U0qIed JUBUOSII-UOU YT,
‘(7] smoye H o493 4q pooerde1 aram sdnoid apis YIIYA UL S[PPOT 1o[durts wo paseq [[e 81am Suon
-g[noreo [ed139109y) snowald oY, Sureyd pIS [[e SPN[IUL YIYM ‘SUOIIENITEd 2ImMjONIIS OO}
-09p@ sejdourrd-)sIg Y paredwiod ore S)MSaI pauTe’qo sqf -saxo[dmoo 3[eqod 9s9Y) jo Sur
-puOq [EOTUIRTD PUe AINIINS JMUOINI3[D 9Y3 Apn3s 03 pouriopsd (190-SHD) 9alyeaLIap-Llg pue
(19D-ND) ?'g urarejia JO SJUSTISIMSEBIW SOUIISIIONY fre1-y y10da1 am 1aded jussaxd a3 U]
“Teotpex [4ore Arewtrd e pue
(woyoee pearedun auo) uorjem3guod ,p ulds-mo] e YIm (110D oryeuseurered 03 spea| o3eAwap
puoq snAfouwtoy aq], ‘(yueuodwods ,*p) renqio (EHO-0D),~ Surpuoquue pay[g-yrey € 03 Anp
[g] s1s&jomoy a1y 10§ JusmsoweyUs Y1 Surpuodssiiod pue 38us1js puoq H-0) PasesIdsp %0¢

‘areds

f319us Swipulq o3 WO [qD-ND JO ®1303ds uo1jde[p0joyd pue UOISSIS fe1-y jo uosuredwo) - 7 314
-6 pue ‘f ‘3 ‘p ‘0 ‘q ‘D pa[eqe] sureyd apis WAS YA 3[NI3[0W a1g wureyia agy Jo Yo3S - [ 81y

Z 9 13

(A9) ARroug Sutputg
0 S ot St (/4 (4 o€

(suun "que) Aisuau|

€8S 014 HNIANOE TYOINIHD ANY FHALONYLS OINOULOTTE FHJ, 10 12 AAVNUNY 23

-~

CC o —— 5
wey) msnw MV } —3pea] snyy ururereqod[Aqew~(I1)0D JO
[e1xe pase ﬂl SR Ten0) A5uspud) ' £q patuedwodde sre g
uoponpal 2% T —— —I——mmem3guod p woy Junress [z} 190-*H
(m)e0-(1In) o> CEEE" s 5[qIs10A21 313 21Iba1I 510308300 21 9

: U T —
a[qe[res® 2p® - =SSmmmsmIv SULI0J-21Q UTUTE)IA UOTGM BlA SINPID

peroyut A[3U3 qns pue sutago1d puiq 03 sBIqe IRYL,

se mﬁozocmw .NW. e e T U T/ 314 pajoauuond A[3jemijul ST S9AIIRALISP
M_M%NMSM ‘ TE——————————T A "PHO=Y Wi (190-SHD) UIIereqodl4
A o av\wlll!r = .llh_ ———=09p-,g=Y {31 (]qD-OPY) TIe[eqOdASC
[reot30[ot . Yl (1 %g) NO £q pardnooo 3uteq Y ©
we Jo IS co.w.wl". — UM mDI00d Yy 9y} sardnodo puedy siq, ‘op
(f) wrgm Jo @ ———— 0 ‘I 3y w 6-0 pa[aqe[ ‘SUTEYD SPIS IPIUTE T
‘spout1100 0% ﬁw T=0[aq 31 (1] J1es31 wordUMy TedtBojotsAy
0p MUl (oA M T ENE == 91 € st ([q)-ND) ‘uTurefeqodouedd) lg

Jusleylp IOY3 TR  T———— ==msllup)[nss1 uture[eqoo[ yIouW jo jey) weyy Iof
=00 373 1eY3 M'..ll.m-ﬁ.&noo 1343a0j ST 3] "puoq N-00) [elxe yesm
ay) Aq pazLIRdE=—"" — - TTe—) s1 21g uture3ta wt Suipuoq [edrmeyd Y3 3
[e31qI0 o[Woje S T —— ] — Jo uoneUIqUICO redur] pazijeuo30q310 Y3 31
-0a[e o31ut 90 “ —_— Tl eems=—maa. p3redmwiod are Sj[nsal paure3qo 3y, Adodsc
(sax) no_wmmn“ﬂ oA mmE==m1y 10 suesw £q PaIpN3s are (UrUTE[eqOd[A
-feqodoueAd) B — - Trurejia jo Suipuoq [edIWSYD PUER 3INJONI)

“Butpuoq
‘Adoosox
"30U32s3.10nY pue e1333ds U

(8007 YoTey €T L0} [euy ut pard

AUDUE— e

? =) YPNUQOUSO 690610 - SRYd Y334y
Ro3r ‘235914

22u3195 1p opudwigsodyq ‘Aydoiborpisho
]

R0 sosup)y-unossyy Jo Rsiaa

- 0pouUD) ‘GG NLS UOM3Y2}0YSOG

o —==mmgsvg fo Ansiantug ‘sossfyq bursaauibuyg
o1ssY ‘0,
T e ——. (- ——=S1V(T 1D4(]) -90U3108 fo Awappoy uvissny

PYONUL 2 e »

UWIMIYTD —mme—

¢NNVIWNAN ‘N PU

P g — — ~—— ‘, OIOOVANVY "7 ‘¢ONVANQ T ‘7S
—==[urpuoq [edoIWIdYD puUE A1
(€002) 2

£002 A2 ST



o1ye1 93 yeyy saoys 231 -[or) spunodwod ut SUOI-PE JO 78IS UOHEPIXO Y3 JO UCHBUIULIZ)
-op 97} 10§ [003 € Se Pasn aq weo owyex (€7)7/(27)] Y3 3eU3 UMOYS USAq Sey 3] [91) suonyesroxs
UOIYOS[P PE FANII[[00 03 ANP Se [[o ST [oA3] [ULIY] BY Jeau sired 2[0Y-UOKII[2 JO IOUISE B3
PUE §33835-p JO 1990eTeYD POZI[eO0] aY3 03 NP [GT] sTejoUI 10] Wey} S3PIXO PE J0j JIMO] ST SUOS
-wexy Sruon)-13500 SV ETET eanerpe-uou lof Amqeqod oy, [p1e1) YN ETET PUML o
30 sassaoo1d Sruory]-19350) SuUOIS 03 NP S[EIRUW-PE aind ur Jo[eWIS YonuI St o1yel Sy} ey
g3noy} punoj s1 3] /T JO 9N[ea [EONSIIEIS 2Y3 03 S0P PUT SIUSWB[-PE [[¢ 0] SWes 3y} 3q
pmoys (£7)1/(%7)] Sou uoisstwa 7 03 &7 Jo Olyex 973 pue suomstrex ajodrp 2/6'%/1dg « sypg
03 spuodse1100 SFY €27 “permesaxd ore [qD-SHO PUe [9D-ND JO SAX £27 00 23 ¥ 3y ul
-dnois-*(Q 4 9y} JO UONGLIIU0D 3Y3 03 AIZES I8 2Inyes)

uoissTe Py () yeem ouy anquyye 3y (1 “8y) apnospnu sy jo jred redns ayy ul sdnoi1g

HO PUe SUTeyd SpIs SpIure 2y} U Swoye UIZAX0 sures o) Jo ISISU0d spunodwod Yyjoq asneddaq
re[rms £1oa 2q 03 punoy st [qD-SHD PUR [9D-ND JO SAX °) UeBAxo jo amjdnxs auy o[
“1QD~ND 10} STX °) N JO AL '76€ 38 yead Jo moreurioj ay3 03 pwedi-ND 373 JO UOKNQLUC
[BUOTIPPE 3q3 O PIINGLIRIE 3 Ued SeOUSISPIP 35Y L, "[4D-EHD PUe [4)-ND J03 JusIepIp Sureq
Ay15TR3UT BAIFE[RI 93 ILM ‘A 6'H6E PUR L'Z6E ¥E SOINTEDY Omy SHQIYXD SHY X ua30InN
‘190-oPY
pue [qD-SH) SOWAZUI02 §31 03 $SBIFU0D UI ‘aAloRuUl Aqreot3ojotq st [qD-ND Ay suoseal 3y} jo
270 Se PaIspIsuod 3q Wed [qD-ND I puoq D-0D Juoxs A[parei ay3 ‘dI0RRYL ‘[21) 190-¢HD
W Y (7)646'T PUE [9D-ND U Y (¥)988'I Te (oA ‘s20messtp -0 Y3 JO SenfeA TejusuIredxo
o3 qaus juemearde ut oste st sy, “([11) Jo1 998) (181°0) [9D-0PY PUe (§21°0) [9D-*HO 1%
peuresqo asoq3 weys IoySry soury omy jsowre ST I “(12°0) Sum utiod ay3 Ut N-0D 3O OF W
weyy 108Te] ‘57°0 ST ND-0D 10§ OF o3 7eUs SMOUs pue [T] ‘Jo1 UT opew Sem P ‘(sgnosfowt

‘fesew 00 a1nd pure [9D-HD ‘190-ND 30 SAX €47 00 - v Big

. 'SAX ° O (°) Pwe SAX °X N (3)
‘SAX °¥ O (2) “[9D-SHD PUe [O-NO JO SHPNINSU0d jo (SFX) e109ds vowsstuma ferX - ¢ 3d

¥y g £ 34
(A9) A330ug uotssmurg (A?3) A353ug uoissiuyg
[ szs 0zs sis
0 : I i
190-HD
19O-ND
SIXOA O )
I 00T v 00 S6C O6€  S8E  O8E  SLE
1 1 L 1 L ke .UI
o
a2
<
=
] s
g <
- 00Y z
- 009

g8¢ ‘013 DNIGNOE TVOINTHO ANV FENLONYLS DINOYMIOITE FHT 10 32 AdYWEN} ‘Z ¥

[4D-NO Ul puoq oyrads ® jo y13uslis ay) jo aInsesw aanyeendb e o3 parepl) (Og) Iepio
puoq 9Y3 JO UOWRINOTEd BY} YIIA SOURPIOIIE UL ST SIYT -£)1a30€ [ed130[01q JUSISPIP I19Y3 10}
SUIBUNOVE UIUIE[EqODAYIoW JO JeY3 Uey) 123UOX)S ST UIWOTeqoI0URAD Ut pUoq O-0D) ¥eq) Suesur
sYL [90-SHD 103 weys [qD-NO 10§ Lususiut 1ySy seq pue puoq J-0) Y} 10 a|qisuodsal
St A29°T87 18 PAI9jUed 3INJLa] UOISSIWA ) ) 9YJ "3[eds ASIsUs UOISSIWS Y3 U0 [qD-SHO Jo
expoads y3m paredwod are [q)-ND JO SHX P UsSAxo pue usSonu ‘uoqred ay3 ¢ 3y uj
‘uTure[eqod0UeRAd Ul WOR-0)) Y3 U0 d3reyd 3a13isod € 03
asul s9A13 yolym pueq adusfea 2y} Jo doj ayj ye pajedo] are saYels-pg 00 YT, SINI UOIIDI[3S
a[odIp 243 £q USPPIQIO] BT SUOKISURI]} ST < §7 3SNBISq STX °) UOQIEd pue UaSo13iu ‘UedAxo
Ul U99S J0U aTe S3Ye)S 3SIY], "PURQ 90USRA 93 JO W03I0] 3Y} I PIIRNIIS ATE $378IS-57 U0qIed
pue uafoxjiu ‘uafAxo 3¢y ‘gA SJX 0 Furp1000y [qD-ND Ul SPU0q D-0) Ueq} Iayesam yonw
aIe SpUOq N-0D) Y3 1eY) SupuUspe SFX £7 0D Jo [re3 ayy Yiim A[uo paddefseso are SEY
o3 N Jo ewIpceUI A31SUsjuUL 93 ‘purey Jay3o 3Y3 u) ‘Fuolss are spuoq H-0D 341 eY} Suwmoys
a[eos A313ua Sutpuiq 8y} U0 SHX °H O JO 3IN3eJ ISIY Y3 YILM SaPOUI0d UOISSTW-ET 0 3],
‘sayeys-dz N pue dg O jo Sunaur e pue suoneIajul H-0 pue N-O Suorss 10adxe wed SUO PryM
03 Sutprodoe (1 “8Y) [qD-ND JO 2InIONIIS [EWSYD 3Y3 YL 0UEPIOdde UL St SIYT ‘A313u3
Sutpurq up Surdde(sea0 pueq 9ouS[eA 23 JO S[PPIW 3Y3 Ul Pajenyis are soyeis-dg Uoqred pue
ueSo1yu ‘uekxo ayJ, ‘seiBreue Surpuiq (A2 97 °08L) &/%dg 0D pue (62'2€S) ST O ‘(A268'668)
ST N ‘(A2 8€'882) 5T O SIX Pasn aaeq am areds A31eus Surpuiq oq3 03 STX €27 00 PUe ° O
@3 N *°) O HeAuod 03 J9pi0 u g By ut payussexd st [9Q-ND Jo (SOQ retared Smqoxd) sgx
€27 o) pue 3 O ‘) N ‘°¥ O W (S0Q reio Suiqoxd) gA SJX jo uostredwod aqy,
*S[Ad] 2102 3y} Jo serd1eus Surpulq SIX
Suisn pasires St Yoy 9[eds ASIsue JuIpulq 3Y3 03 PAHIAAUOD aTe eIoads UOISSTUID AeI-X o7}
‘SJUaNISUOD Y3 JO S3Ye}S OTUOIIVIP JO FUXIW 33 FUTULILIBP 03 JopIo U] Z1g UTUre3ta se gous
sweysAs renosjow pagedidwiod Ul swoje Pa3ds[es Jo SUTPUOq [edTWaYd [eI0] PUe JUIWUOILATD
Teoo] ay3 Suidpnss 10§ [003 [eap! we juasad e1pdads uolssTws Lel-¥ 303dsal sTy) UT pue swole
Sun31us Jo a19yds UOHRWPIOOD 9SG 3Y3 UIYHlm PIzI[edo] oTe SudIISTel} Ael-¥ °93IS dTwoje
reqnotpred goes ye SO [e29] 243 2qoad (SY) e1pdeds uolsstwe Ael-X ‘310joI9y], "SUOIIR[D
3ous[eA s pue pg AQ Pa[y aIe S9[0Y [9A9] 3100 dZ dY3 ‘I[BQOD JO UOISSIWS-T 10 SUOIPIP
sousrea d £q pa[[y 8q A[uo Ued swoje uslAxo pwe U301 ‘UOQIED UL SIOY [2A3] 2100 ST 37}
1eY)} suesw YIYA ‘[F = ¥ ‘B[ uoroapes ajodip a3 Aq pewrsaod joq IrIe UOISSTUI® pue
uonpeoxy ‘uonpdiosqe uojoyd ju2pUl oY) Aq Pa3eaId I[OY 2100 Y3 [[Y 03 [9A3] 30USTeA ' WOL
uotyISTel) © $90819pUN UOIIIBA 9], "UOIRIIXS 343 WOY Pa[dnoosp UOIsSTIa 343 YIm paqLps
-8p @q ued uolsstutd Aei-Y jo adeys rexpoads ag3 ‘UOIIRIIX® JURUOSII-UOU JO 35€D 33 U]
‘sowkzus ¢lg se yons semddjom xapdurod 103 juerodur
£premoyred st sy, “e1pdeds [ejuswLadxe 943 Jo wonelR1dialul 9Y3 10§ ATessadaU ST pue ‘w10
owydeis syduis © ut sdnoid reuotjouny ogroads JO SUOIIORIIUT TE[MOS[OULISIUT PUE dTUIOYR-I3UL
pageoridwoo ays quesexd wed SO UL (SOAJ) SOQ rerred pasjosal-[e}IqI0 pUe -WOe 373
pue (SO() $983S JO A)ISUBP [e103 JO ULIO} oY) Wl pajuasald aq wed e1309ds £319wa 9y} PIYA
g3 a5 3y} ST POYRW QYOO Y3 Jo aSejuespe [enads ¥ "SUOIOUNJ saeA Te[uidloW pue
sonreausdie A319us oy 9483 KoULISISUOI-J[os 03 Pareldl [elqusjod Yy Ieye Uolrenba remoss
30 uonezieuoSerq ‘uondeINM Jo ofwel oy} 03 uorewrrxordde ou Ym s3eds TP Y W
Pajen(ess alem seouyewl de[19A0 pUe UeIUOjTUrR) 243 Wl SULLINDIO STeidsyul I2ued-Hnu 3y}
[IV ‘sueissnes) Jo SuIISISU0D OS[e SUOIOUN} Palejuso-wole Jo uonisoddns e se passaidxs sem
renusjod v oYL ‘pardope sem sresiqio ommore (dg ‘sz ‘sT) H pwe ‘(pg ‘dy ‘s ‘dg ‘sg
[oN]) d ‘(dg ‘s¢ ‘dg ‘sz ‘sT) O ‘N ‘O ‘(py ‘dg ‘s ‘pg ‘dp ‘s¥ [1y]) 0D Jo BumsisuUOD 335 stseq
[y ¥ stretssnes) jo Suigsisuod sTejqIo dtwoye ul papuedxs are sTejIqIO IeMId[OW 3YJ, U0
-e[nofeo a3 jo sdegs oY) AUIINO APauIq A[UO om puUE dIYmase pajudsald 3q [[ua UOHEMIMED
a3 Jo spreja “e[nuLIoj uolye[odIsjul-19uSIp Y3 St pasn erjualod UOI7e[a1100-93UeOX? YL,

¥8s

' SYELLIT SOISAHAOUNT



o

(L1]

. "(z002)

eissny ‘Sinqurmyeia) ‘soisAqd ressiy Jo ymynsul ‘stsoq L, ‘[IqeH 'PS 10 "YU ‘A AOHAVIVD

*(£00z) sungp “shyd 21038 3% [ upsssny ut Eﬁﬁ& °aqoy 'z '3

ASVWENDY PU® 'Y "N YNDIHOFAQ ‘(T “T NIALSTDINIS Y >>o_.§§<0 1 >>ox_zzm_ﬁmms.«_,ov [o1)
"eIST (4861

8V ‘73 425 ‘YSSS NV "82] “IN *A OMNEHSVSMIHD Pue 'Z "J AGVWENY] “Y "A AOHAVIVD [e1])

‘692¢ (2961) g8 “shyd 1ddy r “@ 'f AvaITIOH [p1]

“€bO1 (ZL61) & 'V 09y 'shyd “r 'F TWINDOW [g1]
‘€0¥e 885 68 “wayy

‘@ 1104407, vﬁ ‘I VAONMS “JN 4001§ “§ Szmxmo ‘W zﬁm:m ‘] 0100VANVY [21)

-paystqnd 5q 03 “] OIOOVANVY PUe *H NIGQYVN "X M ONIHD “d s1ny 1 oNvAnQ [t1]
"S6€ 883 891 ‘g SPOYIRJY winsisul

"L IHSVAVEO3] PUe ] (] ¥I¥IAH “d A >o_§<a<0 'Y SEMION ¢ N ‘g Aavwan)]  [o1]

“SE1€ (0661) §2 “o0§ “wmnsz) “wy £ A M ONIHD (6]
V6L (S661) 99 “wnisu] 195 2y D O Y vuauad pue
‘g HAHS ‘r A OTTANINYA], ¢ < ‘q NOSan{g ¢ < r mqmﬁz‘«o -] " ¥a¥aay ' YHOLS
0 ‘W INVWVS “f *J T9SdNIH “AM 'V SITIF “f sEnx “v "I I1001T1v) “f °f VIf

‘08§ (100Z) 0T ‘OMorwoufisp O *J ASHHON PUe "I, S¥0ArTT Y d "S ¥AVS “d "M NasNar [
'£6 (300%) T ON “wayp fsou °r

ung ‘5 OANVHOVZ Pue (] 110440, “"JN ¥ANELS D NIQUVN 'S VINGYED ‘7T OIOOVANVY {9]

-2282 (1002) STT “way) "shyg - “7Z "W DISUEIDZ pue ‘W "d DISMOT20}] “ I MOINNYANY [g]
*12601 (000Z) ¥OT ‘g "wayD 'shyd

16,92 (1002Z) $ZT 908 "wayy “wy f “ 'd DISMOTZO)] PUe "7 “JA DISYEAIOZ "I MOINMNANY (p]

‘6911 (0661) “unwwo) wayp ‘205 ‘way) r g 'S ATM PU® "D 'V SITHM “d ¥3IDOND fe)
‘6661

(30X moN ‘suog 7p Laip uyor) zlg fo \gnEucuSm puo Anstwayy ‘(10mpg) Y Farvanvg [g]
“16% “d ‘1661 ([oseg-110% MaN ‘21eQ

[PoTeN) “f T NITHOVIN £q Pasips ‘suswogg Jo yooqpuog ul 'y *g ¥EJ00D puUe T NIDOENITTH (1]

SIONTHIITYH

‘bsouy ¢

‘PN ¢

"0007 ®1zueBy ‘(UND) AYPI0TY 2[[ep
sreuorze) onSsuo) oY1 4q pue ‘16GSSTSONN NIYd ‘(UNIN) €391y B[[eP 3 RIISIBATU[ [[9P
olmstutpy o3 £q peytoddns st 9gseury, e iom oqJ, “weder jo jueid rewoneussiu] OAAN U3
£q pue £3muy jo jueunpredeq S 4£q 3red uwr payroddns sem DN 8 IOM poSpa[mou
-oe Aqnyeye1d st (DYHSN) epee) Jo [PUNC) YOIessyy Sunesuiduy pue saduehg [eInjeN
Y} pue ‘(S2G96-SI-00 399(01J) yoresssay Oiseg 10} UoyRpuNOg welssny ay3y 4q Surpunyg

* %k X

‘su1egsAS Yons ut seje)s pardnodoun ayjy Jo sorureusp
9y} a10[dxe 03 pue SuISAs re[noejowolq juejrodurt 13730 03 ApNJS JUSLMD Y3 PUIIXd 03 uwerd
oM -semfzue ogweds Jo suonouny redtdojoisAyd uo sjySisur ured oF A13STUIAYI0IQ Ie[nIdouw
ur sessex301d 10} popasu A[rella a8 SSIPNJS YONG ‘SWYSAS remodsjowrolq xsidwoo ur Surpuoq
[eoTIIaYD PUe JINJONI)S JTUOIPI Y3 SUIZATETE UT 9A1309JS £194 3q Ued SITPNIS [ed132109Y3 pue
rejuswrLIadx® oY) ey} SeyelISUOWSp ST ], SiuswLadxs SJX Pue SHX oU3 Yl jusjsisuod L[y
are SUOIYeINOTed SINJINIIS-OTUOIIOSD SY3 I8y} PUNO] ST 31 pue sjusuramseaw d1dodsor3dads mo
s paredaoo are SIMNSSI [e139103Y) 3], "Sureyd apIs [[e SPN[OUI SUOIR[NOred 3y, ], ‘Paje[noed

ua3q sey amoopow lg urureja xd[dwiod 9Yy) JO SIMIONIYS ITUOIIS[R 3Y3 ‘dzLrewIwIns Of,
"S9Y1S JUIIBPIP Je SWOYe WO} SUOVNQGLIIU0D
JU3ISPIp 03 'I3dads oYy 9A[0Sa1 183Ny 07 3[qissod st 3] ‘0 0} papuoq Swoje N jJuUsIPYIp pue
YD oY) Ul sSwoje D) JUSISHIP JO WMS 8y} JO ISISu0d sadpa }-N pue 37-0 Y3 ey no pajutod

188 ‘O1l3 ONIANOE TVOINIHO ANV TYNLONYLS OINOYLOATE FHL 70 12 AAVWHEN)] 'Z 'd

~

os[e 8q pnoys 9] -aAtssaxdurr st 83pe 37-O 9Y3 JO a1njonuys yead-s[duynw 33 Ul jusmaaide oY,
-paonpoidaa [jem st yead €7 0D a3y jJo amjeu dnppuImAse 8], "pood L1sa st juswssrde oy,
-aAIN TejusmLIadxa ay) orww 09 pauspeolq L(qesns (O pue ‘N ‘D 103 d ‘o) 10) p pue s) ¢ 8y
jo SOAd 343 30 suorprod pagosford-£1jeuruds ayj are ssAmd [ed139109Y3 34T, "SO A PAA[0SaI
-[eNq0 oY} Y3 [qD-EHD 10§ SHX Pamseaw a3 sredwod am ‘9 37 UT "YD 33 JO S9TeIS 27y
£q pauyap st anyea del ay3 pue 0) 10 YD Y3 JO §978IS Y} Ym Aeam AUR Ul 10BIINUT J0U Op
SO7B1S PIZI[edo] paje[ost 9say) ‘Ajetowl uui00 2y} woy ALeme rey Aeosdqd st (1 -Sy) ureyo

‘ap1s Y3 UI Jum YO J 9Y3 DUIS "MO[s 154 8q 03 UOIIR[NOTEd 373} UT 30UISISATOD 93 SISNED

PIa gD 973 Jo ded OWAT-ONOH Y3 U3 [[e] S[243] NS [I2A3G ~(UmOYs jou) jun
*0d @reydsoyd ay) WO PIALISP S[2A3] [€31I0 TR[NOS[OUI JO UOIIRDO[ 27} St aInjesy Smisudms e
‘SUOT}R[NOTEd Ie[nosjour ¢ig Ino [re ut sy (9 'SOAd 243 w1 ssyead.dregs L1aa Jo 9s15u02 pue del
OWNT-ONOH 2Y3 woy Aeme rej are dnoid HO 9Y3 WOY Paalop $33e3s Y, (G "JUSISPIP
aymb are ¥ oYy UI N pue gEN 10§ SOAJ UL (¥ "S99eIS OWOH 243 0% 33NQU3IUCI 30U S0P
0D ‘[90-ND 3o ased 3y U] "saye3s QNI Y3 30U 3nq ‘s[e3iqio pg o) jo uorredwnred ey
® seq oste 9%e)s OWOH YL (€ YO 3Ys Ul swoje N pue () £q payeutwiop are sateis QW1
pue OWOH 245 (z “(I90-ND 103 A296'T) A260°C J0 de8 OWNNT-ONOH ® St 3By ‘Jmun
[ewads © se gD pue 0 3y} SuULIapIsuoy) (I :SMO[[O] SB PIZLIRWWNS 3q Ued SUOIJRAISSqO Jofew
syl ‘swoje jo dnoid 10 woje Aue 10j paurejqo aq wed SOJJ Terung pwedn Yig agy ur N
[erce ayj pue (YD) Suws umuo0d 3Yj Ul N InoJ Y3 ‘(puoq-.ds aIe woay3 JO OM3 pUe pu0q-,ds
are way) jo auru) YO oY} ur smose O ‘{dnoid €y w H ay3 ‘dnoid £y egy ur H Yy ‘0)
ay3 Sutpnput swose jo sdnoid uaass 10 [qD)-SHD Ul SO PoIR[NIed 943 smoys ¢ amS1 g

‘spunodwod Y3oq Ul JusreAls; st o) jeys Sunedpw ([21] ‘381 39s) ZQODIT JO 1eY) 03 ISO[d puUe
(91°0) reseu a1nd o yeq3 wey) Ioy31y sourty om st ($£°0) [90-SHO PUe [QO-ND 103 (£7)1/(*T)I

‘SAX °X O Pue °y N ‘® D ‘€7 0D 10 (sopo11d) e13dads uolsstare Ael-X-3J0S

paInsesw ay3 yim (woge ayy 10§) (saui pIos) SOQd PaA[0sel-Te3iqio ay3 jo uostredwo) - g 81
"puedy| sjozepimizuaq Ul N pue YO I N

D W D (s ‘gD ul D ,ds ‘°HD 3y ul Y ‘€HD W D ‘00 (19D-FHD JO SOAd PA3e[nored 3y, - ¢ 314

9 314 ¢ 3y
(A3) A8rug uowssiug (A3) A312ug
oor s6¢ 06€ s8¢ ol s o s o~ Si- o0 ST
d 1 1 1 " 1 il e 4 1
IS L A0 Laams | t ‘o
4
SaAX AN ro
ses 0cs . ST 02§ sis % YIuIN Y
)\/\l\l\' %ﬁ%&- 0 3
1 =
5 o
8 ¥ ur (ds)D Fz 8
SIXPAO0 | 2 Lo 2
< <
8z 08z sz . oz 9T B [, e
L 1 L e AU (d)D Yo
= L L h " L £
/\\\. 2 . 4 q °E
E - [, =
sax oy 0 % HO-utH g
° 2
S8L 08L st ow s9L g _‘ — — . L2
- t . — HO-utd y
-~ - I 1 N
//\I\! 3
*e P Fo
. s3ax ‘100 ° .
SYALLIT SOISAHdOYNE 98¢



