
MOLECULAR MODELING OF CATION AND WATER ADSORPTION IN

CRYSTALLINE TITANOSILICATE AND POLYOXONIOBATE MATERIALS

A Dissertation

Submitted to the Graduate School

of the University of Notre Dame

in Partial Ful�llment of the Requirements

for the Degree of

Doctor of Philosophy

by

James P. Larentzos, B.E., M.S.

Edward J. Maginn, Director

Graduate Program in Chemical and Biomolecular Engineering

Notre Dame, Indiana

February 2006



MOLECULAR MODELING OF CATION AND WATER ADSORPTION IN

CRYSTALLINE TITANOSILICATE AND POLYOXONIOBATE MATERIALS

Abstract

by

James P. Larentzos

Permanent disposal of high-level nuclear waste requires e�cient separation of

trace amounts of various radioactive elements from alkaline waste solutions in or-

der to minimize the �nal disposal volume required for vitri�cation. Development

of highly selective ion exchangers with increased capacity and kinetics is desired

for a more cost-e�ective separation process. In collaboration with researchers at

Savannah River National Laboratories, Sandia National Laboratories, and Texas

A&M University, various classes of high-capacity ion exchangers, such as crys-

talline titanosilicates (CST), pharmacosiderates, and polyoxoniobates are under

investigation to enhance their ion exchange performance.

Molecular simulations have the potential to be a valuable design tool in guid-

ing future synthesis e�orts. The accuracy of molecular simulations is critically

dependent upon the quality of the intermolecular force �eld used to describe the

interactions. Due to the large number of experimental x-ray di�raction stud-

ies that have characterized both materials, a semi-empirical intermolecular force

�eld potential model is developed for crystalline titanosilicates and polyoxonio-

bates materials. In addition, ab initio methods, such as density functional theory

(DFT) simulations, are investigated to provide additional insight into the elec-

tronic structure of these materials and improve upon the force �eld.
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Once a suitable potential model is obtained, molecular dynamics and Monte

Carlo simulations are applied to predict preferred sorbent sites for cations and

water molecules in various cation exchanged structures to supplement experimen-

tal x-ray di�raction studies. In particular, this study focuses on understanding

the interplay between cations and water molecules in these ion exchangers. It has

been amply demonstrated that water can signi�cantly alter ion exchange perfor-

mance due to its interaction with the exchangeable cations. To this end, replica

exchange Monte Carlo simulations as well as grand canonical Monte Carlo sim-

ulations are conducted to better understand sorptive properties of the system,

such as adsorption isotherms and heats. The computed properties compare well

with existing experimental measurements, giving indication that the physics of

each system is adequately described through the intermolecular potential model.

Given that an accurate potential model has been developed, the ultimate goal is

to utilize molecular modeling techniques to understand what controls the selectiv-

ity for certain ions and to determine if this selectivity can be enhanced through

structural modi�cation of the materials.



To my family.

ii



CONTENTS

FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

CHAPTER 1: INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background of Nuclear Waste Remediation . . . . . . . . . 1
1.2 Ion Exchange in the Nuclear Waste Industry . . . . . . . . 3

1.2.1 Titanosilicates . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Polyoxoniobates . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Molecular Modeling of Porous Crystalline Materials . . . 8
1.3.1 Potential Parameter Development of Crystalline

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.2 Molecular Modeling of Zeolites . . . . . . . . . . . . 11

1.4 Research Overview . . . . . . . . . . . . . . . . . . . . . . . . 16

CHAPTER 2: SIMULATION METHODOLOGY . . . . . . . . . . . . . . 19
2.1 Molecular Dynamics . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 Simulated Annealing Molecular Dynamics . . . . . 22
2.2 Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.1 Grand Canonical Monte Carlo . . . . . . . . . . . . 26
2.2.2 Replica Exchange Monte Carlo . . . . . . . . . . . . 30

2.3 Force Field Representation . . . . . . . . . . . . . . . . . . . 32
2.3.1 Repulsion-Dispersion Interaction . . . . . . . . . . . 32
2.3.2 Electrostatic Interaction . . . . . . . . . . . . . . . . . 33

2.4 Density Functional Theory . . . . . . . . . . . . . . . . . . . . 34
2.4.1 Extraction of Partial Charges . . . . . . . . . . . . . 36

iii



CHAPTER 3: FORCE FIELD DEVELOPMENT FOR TITANOSILICATES 38
3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Experimental Background . . . . . . . . . . . . . . . . . . . . 42
3.3 Simulation Model and Methods . . . . . . . . . . . . . . . . 49

3.3.1 Model of CST Structures . . . . . . . . . . . . . . . . 49
3.3.2 Force Field Details . . . . . . . . . . . . . . . . . . . . 52
3.3.2.1 Shell Model Force Field . . . . . . . . . . . . . . . . . . 53
3.3.2.2 Fixed Charge Potential . . . . . . . . . . . . . . . . . . . 57
3.3.3 Simulation Details . . . . . . . . . . . . . . . . . . . . 59

3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 61
3.4.1 Na-CST . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.4.2 Cs-CST . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.4.3 NbCST . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.4.4 Cs-NbCST . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

CHAPTER 4: FORCE FIELD DEVELOPMENT FROM DENSITY FUNC-
TIONAL THEORY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . 80

4.2.1 Force Field Development . . . . . . . . . . . . . . . . 86
4.2.1.1 Repulsion-Dispersion Interaction . . . . . . . . . . . . . 86
4.2.1.2 Electrostatic Interaction . . . . . . . . . . . . . . . . . . 89
4.2.2 Simulation Models . . . . . . . . . . . . . . . . . . . . 93
4.2.2.1 Acid Exchanged Titanosilicate Model . . . . . . . . . . . 93
4.2.2.2 Na-, Cs- and Sr-exchanged Titanosilicate Model . . . . . 96
4.2.3 Simulation Techniques . . . . . . . . . . . . . . . . . . 97

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 101
4.3.1 DFT Force Field Validation with Acid-exchanged

Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.3.2 Application of DFT Force Field to Na+-, Cs+- and

Sr2+-exchanged Phases . . . . . . . . . . . . . . . . . . 108
4.3.2.1 Na-CST . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.3.2.2 Cs-CST and Cs-NbCST . . . . . . . . . . . . . . . . . . 111
4.3.2.3 Sr-CST and Sr-NbCST . . . . . . . . . . . . . . . . . . 116

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

CHAPTER 5: MOLECULAR MODELING OF DODECANIOBATE KEG-
GIN CHAIN MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . 127
5.1 Experimental Structure Determination . . . . . . . . . . . . 128

5.1.1 Sodium Analogue Keggin Ion Chains . . . . . . . . 128

iv



5.2 Molecular Modeling Methodology . . . . . . . . . . . . . . . 138
5.2.1 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.2.2 Molecular Dynamics Simulations of Na-Si-Ti and

Na-Si-Nb . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.2.3 Monte Carlo Simulations of K-Si-Ti and K-Ge-Nb 142

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
5.3.1 Location of Na+/H2O Determined by Molecular Dy-

namics Simulations in Na-Si-Ti and Na-Si-Nb . . 143
5.3.2 Water Content Determination through Canonical

Monte Carlo Simulations . . . . . . . . . . . . . . . . 148
5.3.3 Adsorption of Water through Grand Canonical Monte

Carlo Simulations . . . . . . . . . . . . . . . . . . . . . 153
5.3.3.1 Investigation of Water Loading in K-Si-Ti . . . . . . . . 154
5.3.3.2 Investigation of Water Loading in K-Ge-Nb . . . . . . . 157
5.3.3.3 Re-examination of Water Adsorption in Na-Si-Ti . . . . 167

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS . . . . . . 172
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
6.2 Recommendations for Future Work . . . . . . . . . . . . . . 177

6.2.1 Extension to Alternative Phases and Materials . . 177
6.2.2 Improvement of Force Field . . . . . . . . . . . . . . 178
6.2.3 Selectivity Calculations . . . . . . . . . . . . . . . . . 179

APPENDIX A: EXTRACTION OF PARTIAL CHARGES FROM VASP . 181
A.1 Bader Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
A.2 Wigner-Seitz Analysis . . . . . . . . . . . . . . . . . . . . . . . 183

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

v



FIGURES

3.1 A 3x3x3 \supercell" of CST viewed along [001]. The CST tunnels
are one dimensional along c-axis. . . . . . . . . . . . . . . . . . . 43

3.2 One unit cell of (a) Na-CST, (b) Cs-CST, (c) NbCST, and (d)
Cs-NbCST viewed along [001]. The experimentally determined ex-
changeable cation and water sites are shown to reside in the CST
tunnels. O(W1) and O(W2) represent the two water sites ob-
served experimentally, while Na2 and Cs1 represent the exchange-
able sodium and cesium sites, respectively. The Cs2 sites are not
shown because they are located behind the Cs1 sites. Although all
sites are not labeled, similarly shaded sites represent the crystallo-
graphically equivalent positions. . . . . . . . . . . . . . . . . . . 44

3.3 Distribution plots of exchangeable sodium cations in one unit cell
of Na-CST. Sodium cation plots at 300 K are shown along (a) the
[001] direction and (b) the [100] direction. The experimental Na2
and O(W2) sites are represented with diamonds and crossed circles,
respectively. Sodium cations are found to occupy both the Na2 and
O(W2) experimental sites. . . . . . . . . . . . . . . . . . . . . . . 66

3.4 Distribution plots of water in one unit cell of Na-CST are shown
along (a) the [001] direction and (b) the [100] direction at 300 K.
The experimental Na2, O(W1), and O(W2) sites are represented
with diamonds, open circles and crossed circles on the plots, re-
spectively. Water molecules are found to occupy the O(W1) site,
as well as the Na2 and O(W2) sites. . . . . . . . . . . . . . . . . . 66

3.5 Na-CST cation coordination number is plotted as a function of
distance. The coordination number of sodium located near the
experimental (a) Na2 position and (b) O(W2) positions are shown.
The coordination of sodium in the Na2 and O(W2) site is higher
than observed experimentally. . . . . . . . . . . . . . . . . . . . . 68

3.6 Cs+ cation coordination number as a function of distance in (a) Cs-
CST and (b) Cs-NbCST. Cs+ gains additional coordination from
neighboring water molecules in Cs-NbCST. . . . . . . . . . . . . 70

vi



3.7 A distribution plot of the water molecules in one unit cell of Cs-
NbCST along (a) the [001] direction and (b) the [100] direction at
300 K. The experimental O(W1) and O(W2) sites are represented
by the open and crossed circles, respectively. . . . . . . . . . . . 75

4.1 A depiction of one channel viewed down the c-axis of the titanosili-
cate crystal structure. The O1, O3, O5, O6 and Si crystallographic
sites are labeled. The O5 and O6 sites are the positions of the wa-
ter oxygen atoms as determined through neutron di�raction exper-
iments [109]. The O2 sites (not shown) are located in the cubane-
like TiO4 clusters. The O4 sites (not shown) link the TiO4 clusters
along the c-axis to create 1-dimensional channels running along the
c-axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 An illustration of the hydrogen bonding network computed through
application of the empirically �tted force �eld with a) proton charge
smearing over all framework oxygen atoms and with b) proton
charge smearing over all framework O2 oxygen atoms. The O5
water hydrogen bonding orientation is observed to 
ip, where the
structure with proton smearing over all framework O2 oxygen atoms
is consistent with experimental observations. . . . . . . . . . . . . 95

4.3 Adsorption isotherm of the empirically based (FF1) and DFT based
(FF2) force �elds. Error bars are included to provide an estimate
of the error associated with each state point . . . . . . . . . . . . 102

4.4 Adsorption energy as a function of water loading for the DFT based
force �eld. Error bars are smaller than the symbol sizes. . . . . . 106

4.5 Isosteric heat of adsorption as a function of fugacity for the DFT
based force �eld. Error bars are included. . . . . . . . . . . . . . . 107

4.6 Population fraction of the experimental Na-CST sites as a function
of water loading. The experimental sites for sodium and water are
presented in Table 3.1 . . . . . . . . . . . . . . . . . . . . . . . . 109

4.7 Water adsorption isotherm of Na-CST . . . . . . . . . . . . . . . 111

4.8 Population fraction of the experimental (a) Cs-CST and (b) Cs-
NbCST sites as a function of water loading. The experimental sites
are presented in Table 3.1 . . . . . . . . . . . . . . . . . . . . . . 112

4.9 Water adsorption isotherm of Cs-CST and Cs-NbCST . . . . . . . 114

4.10 A side view along the a-axis of Cs-NbCST. The cesium cation is
located at the tunnel center, given by fractional coordinates of
�

1

2
; 1

2
; 1

4

�

. However, there is a vacant region of the titanosilicate
at the fractional coordinates of

�

1

2
; 1

2
; 3

4

�

. . . . . . . . . . . . . . . 115

vii



4.11 Population fraction of (a) Sr2+ and (b) water in the experimental
Sr-CST sites as a function of water loading. The experimental sites
are presented in Table 4.2. Note that there is no Sr2+ present in
the O(W3) and O(W4) sites, thus there symbols overlap. . . . . 119

4.12 Water adsorption isotherm of Sr-CST and Sr-NbCST . . . . . . . 120

4.13 Population fraction of the experimental Sr-NbCST sites as a func-
tion of water loading. The experimental sites are presented in Ta-
ble 4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.1 In�nite chains formed by [SiNb12O40]
16� clusters alternating with

bridging [Ti2O2]
4+ dimers in Na-Ti-Si. The Si tetrahedron is shown

in the center of the Keggin clusters. The Keggin clusters are joined
through a [Ti2O2]

4+ dimeric bridge. Although four bridging O8
oxygen atoms are shown, only two exist in reality since the O8 site
is half occupied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2 Polyhedral representation of the chains in Na-Si-Ti, viewed along
the c axis. (Cations and water molecules omitted.) . . . . . . . . 139

5.3 Polyhedral representation of the chains in Na-Si-Ti, viewed along
the ab plane. (Cations and water molecules omitted.) . . . . . . . 139

5.4 Polyhedral representation of the chains in K-Si-Ti, viewed along
the c axis. (Cations and water molecules omitted.) . . . . . . . . 140

5.5 Projection of the probability distribution for sodium cations along
the c axis of Na-Si-Ti at 300 K, with an intensity of 10 (highest color
intensity) indicating the cubelet with greatest probability of being
occupied. Numbered circles: positions of the sites from Rietveld
re�nement. Sodium cations in site3 always align themselves with
the locally populated O8 oxygen sites (grey circles) of the dimeric
bridge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.6 Projection of the probability distribution of water along the c axis
of Na-Si-Ti at 300 K. . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.7 Projection of the probability distribution of sodium cations along
the c axis of Na-Si-Nb at 300 K. The presence of Nb5+ in the Keggin
bridging units causes Na+ to depopulate site3 relative to structure
Na-Si-Ti. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.8 Simulated coordination number of sodium cations in (a) site1, (b)
site2, (c) site3, and (d) site4 in Nb-Si-Ti�14.5H2O. . . . . . . . . . 151

5.9 Projection of the probability distribution of water along the c axis
of Nb-Si-Ti�14.5H2O at 300 K. Water is located near sites 2-4. . . 153

viii



5.10 Calculated powder di�raction patterns for the Nb-Si-T�4H2O molec-
ular dynamics model and the Nb-Si-Ti�14.5H2O Monte Carlo model.154

5.11 Simulated adsorption isotherm of water in K-Ti-Si at 300 K. The
potassium cations are �xed, while the water molecules are free of
any constraints. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.12 A polyhedral representation of the potassium sites in K-Ge-Nb
along the b-axis as determined from single crystal x-ray di�raction
data. In addition, the potassium site at (0,1

2
,0) is also shown to

illustrate simulated cation position relative to the K3 and K6 sites.
Overall, there is a decrease in electrostatic repulsion as potassium
moves from K4 to the simulated site at (0,1

2
,0). . . . . . . . . . . 161

5.13 Simulated water population fraction as a function of water loading. 163

5.14 Simulated adsorption isotherm of water in K-Ge-Nb at 300 K. Error
bars are obtained through block averaging over all grand canonical
Monte Carlo simulations at a given state point. . . . . . . . . . . 168

5.15 Na-Si-Ti simulated population fraction as a function of water load-
ing. The Na-Si-Ti sites are characterized as Site1, Site2, Site3 and
Site4 through powder x-ray di�raction techniques. Note that Na+

in Site1 and Na+ in Site2 symbols overlap with approximately 100%
occupancy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.16 Adsorption isotherm of water in Na-Si-Ti at 300 K. . . . . . . . . 170

ix



TABLES

3.1 CST and Nb-CST EXPERIMENTAL COORDINATES [110, 128] 46

3.2 EXPERIMENTAL AND SIMULATED COMPOSITION OF THE
CST MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3 SHELL MODEL PARAMETERS. THE CHARGES DO NOT IN-
CLUDE THE ADJUSTMENTS DUE TO PROTONS. . . . . . . 56

3.4 FORCEFIELD PARAMETERS FOR FIXED CHARGE MODEL. 60

3.5 SIMULATED SHELL MODEL AND FIXED CHARGE MODEL
COORDINATES IN Na-CST AND Cs-CST. . . . . . . . . . . . . 63

3.6 SIMULATED FIXED CHARGE MODEL CATION AND WATER
FRACTIONAL COORDINATES IN NbCST AND Cs-NbCST. . . 74

4.1 CRYSTALLOGRAPHIC PARAMETERS FOR H2Ti2O2SiO4�1.5H2O
DETERMINED FROM POWDER NEUTRON DIFFRACTION
EXPERIMENTS [109] . . . . . . . . . . . . . . . . . . . . . . . . 83

4.2 EXPERIMENTAL FRACTIONAL ATOMIC COORDINATES FOR
Sr-CST AND Sr-NbCST [130] . . . . . . . . . . . . . . . . . . . . 84

4.3 INTERACTION PARAMETERS BETWEEN OXYGEN WATER
AND OXYGEN FRAMEWORK. THE REFERENCES ARE GIVEN
BESIDE THE MATERIAL NAME. . . . . . . . . . . . . . . . . . 88

4.4 LENNARD-JONES INTERACTION CROSS PARAMETERS FOR
SODIUM, CESIUM, STRONTIUM AND WATER INTERACTIONS
WITH O, WHERE O REPRESENTS EITHER THE FRAME-
WORK OR WATER OXYGEN ATOM. . . . . . . . . . . . . . . 89

4.5 PARTIAL CHARGES FOR THE FF1 [77] AND FF2 FORCE FIELDS.
THE PARTIAL CHARGES ARE GIVEN WITHOUT APPLYING
THE PROTON CHARGE SMEARING MODEL. . . . . . . . . . 92

4.6 SIMULATED ATOMIC COORDINATES AND OCCUPANCIES
FOR FF1 AND FF2. THE RAW AVERAGED AND IDEALIZED
COORDINATES ARE PROVIDED. . . . . . . . . . . . . . . . . 103

x



4.7 SIMULATED SODIUM AND WATER SITES IN Na-CST. . . . . 110

4.8 SIMULATED CESIUM AND WATER SITES IN Cs-CST AND
Cs-NbCST. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.9 SIMULATED STRONTIUM AND WATER SITES IN Sr-CST AND
Sr-NbCST. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.1 EXPERIMENTAL FRACTIONAL ATOMIC COORDINATES FOR
Na-Si-Ti AND Na-Si-Nb [21]. . . . . . . . . . . . . . . . . . . . . 130

5.2 EXPERIMENTAL FRACTIONAL ATOMIC COORDINATES FOR
K-Si-Ti AND K-Ge-Nb [103]. . . . . . . . . . . . . . . . . . . . . 132

5.3 PARTIAL CHARGES USED TO MODEL THE ELECTROSTATIC
POTENTIAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.4 SIMULATED ATOMIC COORDINATES AND POPULATION FRAC-
TIONS OF SODIUM AND WATER IN Na-Si-Ti . . . . . . . . . 145

5.5 SIMULATED ATOMIC COORDINATES AND POPULATION FRAC-
TIONS OF SODIUM AND WATER IN Na-Si-Nb . . . . . . . . . 148

5.6 SIMULATED ATOMIC COORDINATES AND POPULATION FRAC-
TIONS OF SODIUM AND WATER IN Na-Si-Ti�14.5H2O . . . . 152

5.7 COORDINATES OF THE POTASSIUM CATIONS AND WATER
MOLECULES IN DEHYDRATED K-Ge-Nb. . . . . . . . . . . . 159

5.8 COORDINATES OF POTASSIUM AND WATER IN SATURATED
K-Ge-Nb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.9 SIMULATED ATOMIC COORDINATES AND POPULATION FRAC-
TIONS OF SODIUM AND WATER IN Na-Si-Ti�12H2O . . . . . 169

xi



ACKNOWLEDGMENTS

First and foremost, I would like to sincerely thank my advisor, Dr. Edward

J. Maginn, for his guidance throughout my graduate studies. I am fortunate to

learn from such a great mentor who exhibits exceptional qualities as a scientist

and, more importantly, as a person. He has inspired me not only through his love

for research, but also his passion for learning and teaching. I will always remember

... Homines, dum docent, discunt. Finally, I am especially grateful to say that I

came to Notre Dame with him as my advisor, but leave with him as my friend for

life.

I would like to extend a special thanks to Dr. William F. Schneider. I appreci-

ate the opportunity I have had to collaborate and learn from him. I am thankful

that he has taken an interest in my career decisions and am forever grateful for his

willingness to discuss his experiences with me. He has been a good friend in the

past year and has helped immensely in building my self-con�dence as a scientist.

I would like to acknowledge my collaborators over the past for years, Dr. David

Hobbs, Dr. May D. Nyman and Dr. Abraham Clear�eld. I am grateful to have

such a patient and supportive group to answer my questions and help me grow as

a researcher.

I would like to express my gratitude to my fellow group members, past and

present, who have really created an enjoyable work enviroment. I am grateful

to have them as colleagues, friends and \brothers" ... a sincere thanks to David

xii



Eike, Cesar \Koolne$$" Cadena, Manish Kelkar, Brian Novak, Craig Powers, Sai

Jayaraman, Haizhang Zhang, Wei Shi, Tim Morrow, Jindal Shah, and Gaurav

Arya. A special thanks goes to Dr. Jindal K. Shah. He was the �rst person

I met in coming to Notre Dame and befriended me from the �rst day. As a

senior researcher in our group, he never hesitated in conveying his knowledge and

experience while I was just beginning. He has always been supportive of me,

especially in my �rst few years of graduate school when I struggled. Thank you,

Jindal.

Througout my graduate studies, I have been extremely fortunate to meet some

incredible individuals whom have shaped my life in some way. These close friend-

ships has made my graduate studies an extremely worthwhile and rewarding expe-

rience. A sincere thanks goes to Pete Erri, Jason Gordon, Mike Dimino and Jesse

Sullivan. In addition, I thank Dr. Karinna M. Vernaza for her companionship

throughout my graduate studies. Finally, I’d like to acknowledge Diana Hou for

making the dissertation process enjoyable.

I also would like to thank the department secretaries and sta�. I would espe-

cially like to thank Jim Smith for his friendship and for getting me involved in

volunteer work. I am thankful for the valuable experiences he has provided for us

outside of the lab.

I could have never made it this far without such a loving family. I am blessed

to have such wonderful parents who have been unconditionally supportive, even

as I struggled. My sisters, Litsa, Mia and Jackie, and brother-in-laws, Geno, Sam,

and Charlie, have always believed in me and always leant a listening ear in my

most di�cult moments. I am proud to share this moment with my entire family,

especially since it is only because of their support and encouragement that I have

xiii



been able to come this far.

I must acknowledge a special person in my life. A special thanks goes to

my high school soccer coach, George Capellas. I believe this could have never

been possible without knowing him. He has been a coach on the �eld, but most

importantly, o� the �eld. He is the one who taught me mental toughness and is

responsible for turning a \B" student into an \A" student. I will always remember

... \NEVER settle for mediocrity".

Finally, this research was supported by the Environmental Management Sci-

ence Program of the O�ce of Environmental Management, U.S. Department of

Energy, grant DE-FG07-01ER63282. Additional support was provided from the

Bayer Corporation and the U.S. Department of Education GAANN fellowship.

xiv



CHAPTER 1

INTRODUCTION

1.1 Background of Nuclear Waste Remediation

Radioactive materials are continually being used to improve upon existing

technologies in medicine, university and government research programs, national

defense programs and power production. With the advent of nuclear technology

comes the generation of radioactive waste that must be properly managed, han-

dled, packaged, transported and disposed of in order to protect the health and

safety of present and future generations.

Currently, there are thousands of tons of spent nuclear fuel and high-level ra-

dioactive waste located in government and commercial storage facilities at 131

sites in 39 states throughout the country. Spent nuclear fuel comes from used

commercial fuel, university and government research fuel, and naval reactor fuel,

while high-level waste primarily results from defense related programs, where it

is a result of radioactive residue from reprocessing spent nuclear fuel and from a

surplus of plutonium from dismantled nuclear weapons. Total, there is approxi-

mately 52 thousand tons of spent nuclear fuel and 91 million gallons of high-level

radioactive waste currently stored in large underground stainless steel tanks at

various Department of Energy facilities across the United States [84].

In this study, we concern ourselves with the permanent disposal and safe stor-

age of high-level nuclear waste supernate. All high-level radioactive waste destined
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for the Yucca Mountain repository must be in a solid, stable form before being

transported. Cost e�cient disposal requires the separation and concentration of

the radioactive elements from the high-level waste supernate solution into the

smallest possible volume. The concentrated waste volume is then fed to a vit-

ri�cation plant, where it is mixed with glass-forming materials and poured into

stainless steel canisters where the solution cools into a solid glass. The radioac-

tive elements are thus immobilized and stored in a durable, stable and permanent

waste form that is ready to be transported to the repository. The remaining high-

level waste supernate in the underground tanks, after removal of the radioactivity,

can be treated as low-level waste and disposed of in a less durable waste form.

The radioactivity in the high-level waste supernate is primarily due to the ra-

dionuclides 134;137Cs, 90Sr, 99Tc, 235;238U, 238;239;240Pu and 237Np. Thus, these are

the radionuclides of greatest interest for removal. Cesium and strontium exhibit

only one oxidation state; thus, their ion exchange chemistry is well understood,

especially through predictive models. They tend to be hydrated in solution, with

the exception of strontium, which may be complexed as SrOH+ in highly basic so-

lutions. However, uranium, plutonium and neptunium exist as actinyl complexes

in solution, thus exhibiting extremely complex coordination and redox chemistry

and presenting di�culty in accurately modeling the ion exchange behavior. Thus,

from a modeling perspective, we focus speci�cally on cesium and strontium ex-

change in this study.

E�ective separation processes have included ion exchange/sorption, precipita-

tion, and solvent extraction. Here, we examine ion exchange/sorption as a means

to separate the radioactive elements from the waste supernate. Ion exchange can

be particularly challenging due to the harsh environments of the high-level waste
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supernate, which exhibits high radiation �elds, extremely corrosive chemistries

and high ionic strengths. In addition, trace concentrations of cesium, strontium

and actinides in the presence of high sodium and hydroxide ion concentrations

makes the separation process through ion exchange a formidable task. For in-

stance, the high-level waste supernate solutions are typically alkaline with cesium

and strontium concentrations at 10�3 to 10�5 M and high sodium ion concen-

trations exceeding 5.7 M [110]. Thus, there is a pressing need to develop and

synthesize novel ion exchangers that exhibit a high selectivity toward targeted

ions even in the presence of large concentrations of competitive ions and over a

broad range of pH, while maintaining the material’s structural integrity under

conditions of high radiation �elds and extreme acidic or alkaline media. In addi-

tion, the development of highly selective ion exchangers with increased capacity

and kinetics is desired for a more cost-e�ective separation process.

1.2 Ion Exchange in the Nuclear Waste Industry

Inorganic ion exchangers are promising materials to perform these separations.

They have an advantage over organic based ion exchange resins due to their re-

sistance to radiation degradation, their high thermal and chemical stabilities and

their high selectivity for targeted ions. There have been extensive studies describ-

ing the various types of inorganic ion exchangers such as clays, zeolites, layered

phosphates, pyrochlores, heteropoly acids hexacyanoferrates, hydrous oxides and

numerous silicates of early transition metals [30]. Many of these materials have

shown promise for nuclear waste remediation.

In a collaborative e�ort with researchers at Savannah River National Labo-

ratories, Sandia National Laboratory, and Texas A&M University, we examine
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four classes of high-capacity ion exchangers that could be potentially useful for

nuclear waste remediation purposes. The four types of ion exchangers exam-

ined in our collaboration include crystalline titanosilicates (commonly referred to

as CST), polyoxoniobates, pharmacosiderates and amorphous semicrystalline ti-

tanates. The crystalline titanosilicates as well as the phamacosiderites are highly

crystalline and have been shown to be selective toward cesium in alkaline solution

[15, 110, 128, 129]. The semicrystalline sodium nonatitanate (SNT) and amor-

phous monosodium titanate (MST) are selective for strontium in highly basic

solutions [16, 57, 92]. The polyoxoniobates are stable in alkaline media, making

them attractive as possible ion exchange sorbents with nuclear waste applications

[21, 103].

Through a combination of experimental and theoretical techniques, the over-

all goal is to characterize the structural features of these materials that control

selectivity. With a better understanding of the origins of selectivity in these ma-

terials, we hope to be able to tailor a novel synthetic material, either crystalline

or amorphous, with optimal ion exchange performance for cesium, strontium and

the actinides uranium, plutonium and neptunium by tuning pore sizes, performing

heteroatom structural substitutions and altering counterbalancing cation concen-

trations.

A variety of experimental techniques have been used to characterize these

materials to better understand their ion exchange performance. In particular,

experimental techniques have focused on characterizing the sorbate binding sites

as a function of ion exchange. In addition, information on the e�ects of the

bound sorbate on the framework structure can also be deduced. Powder x-ray

di�raction with Rietveld re�nement of the powder patterns is commonly used to
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determine the crystal structure and give an overall, averaged picture of the long

range order of a particular structure. Scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) can be used to determine the morphology

of the structure and give indication on the degree of cyrstallinity. Solid state magic

angle spinning nuclear magnetic resonance (MAS NMR) techniques provide a

detailed picture of structural changes in framework and extra-framework sorbent

sites with cation exchange. X-ray absorption �ne structure (XAFS) techniques

provide information on the local coordination environments of a particular atomic

species. Since the information obtained is atom speci�c, it can be very useful for

structural determinations of atom clusters.

From a theoretical perspective, molecular modeling can be used to comple-

ment experiments in the structural characterization of these materials and provide

molecular-level insight into the important sorbent exchange sites. In this work,

only the crystalline titanosilicates and polyoxoniobates are examined through

molecular modeling, since these materials are well characterized through exper-

imental techniques. Brie
y, we review some of the important �ndings observed

through experimental techniques for the crystalline titanosilicate and polyoxonio-

bate materials.

1.2.1 Titanosilicates

Crystalline titanosilicates are a potentially attractive class of ion exchange

materials, especially with application to nuclear waste remediation. These ma-

terials have been extensively studied and the mechanisms by which these and

related substances function are investigated to assist in the design of improved

ion exchangers. In particular, novel synthetic titanosilicates with the mineral
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sitinakite topology [110, 111] of ideal formula M2Ti2O3SiO4�xH2O (M= alkali

metal cation) and pharmacosiderite topology [15, 16, 129] of general composition

M3H(TiO)4(SiO4)3�4H2O (M = alkali metal cation) have been shown to be ideally

suited for cesium and strontium uptake [2, 29, 31]. In this study, we concern our-

selves with the M2Ti2O3SiO4�xH2O sitinakite topology ion exchanger family, of

which there are numerous experimental studies characterizing the structure and

performance of these materials [5, 27, 29, 50, 71, 85, 92, 99, 109{111, 116, 126, 128{

130, 138{140].

Previous experimental x-ray di�raction studies [110] as well as molecular sim-

ulation studies [77] have attributed the high cesium selectivity to the fact that

cesium �ts nearly perfectly at the tunnel centers, where it is able to attain a

highly stable, 8-coordinated complex with the silicate framework oxygen atoms.

However, cesium uptake with the M2Ti2O3SiO4�xH2O form is insu�cient for re-

mediation purposes. Further experimental studies have shown cesium selectivity

can be enhanced with partial heteroatom substitutions in the framework, such as

a 25% substitution of niobium for titanium, thus reducing the number of counter-

balancing cations required for charge neutrality and creating more room for water

to increase the cesium coordination from 8 to 12 [27, 77, 85, 116, 128]. Despite

the enhancement in cesium selectivity with partial substitution of niobium into

the framework, there is a decrease in selectivity for strontium which has been

attributed to a reduction in the strontium coordination number from 10 in the

non-niobium phase to 7 in the niobium phase [128, 130]. To better understand

the origins of selectivity in the various cation exchanged phases of the niobium

and non-niobium forms of the M2Ti2O3SiO4�xH2O ion exchanger family, it is im-

portant to characterize the structural features of the extraframework cations and
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water molecules. Experimental studies have largely focused on x-ray di�raction

to characterize these materials, which provide an averaged snapshot of cation and

water structure in the channels, whereas molecular simulations have the advantage

of providing instantaneous snapshots of cation and water structure. To this end,

it is our goal to turn to molecular simulations to provide additional theoretical

insight into cesium and strontium selectivity within the M2Ti2O3SiO4�xH2O class

of ion exchangers.

1.2.2 Polyoxoniobates

Polyoxometalates have received a considerable amount of interest in recent

years in the �elds of medicine [114], catalysis [98], materials science [33], and

nuclear waste processing [19]. A commonly observed geometry of polyoxometalate

anionic clusters is the Keggin (e.g. [SiW12O40]
4�) heteropolyanion [65]. It has

been demonstrated that these clusters and their derivatives can be linked into

multi-dimensional compounds, using both transition metals and lanthanides. The

Keggin clusters with counterbalancing cations can be assembled into linear or

zig-zag chains or even planes, depending upon the nature of the cations [96, 117].

First reported in 2002 [103], polyoxoniobate based materials exhibit stabil-

ity in alkaline media whereas most other polyoxometalates are only stable un-

der acidic conditions. These niobium based materials have much larger nega-

tive charges per cluster than other polyoxometalates, such as Mo6+/W6+ based

materials; these two properties make polyoxoniobates attractive as high-capacity

ion-exchangers or cation sorbents for applications involving very basic media (i.e.

radionuclide separation from caustic nuclear wastes). The �rst material composed

of linked heteropolyniobate clusters that has been reported is one-dimensional
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K12[Ti2O2][SiNb12O40]�16H2O, which features �-Keggin [SiNb12O40]
16� ions linked

together by [Ti2O2]
4+ bridges [103]. The work in this thesis focuses on the char-

acterization of a series of one dimensional dodecaniobate Keggin chain materials

with sodium or potassium as the charge balancing cation. The structures of these

compounds have been solved through x-ray powder and single-crystal di�raction

with Rietveld re�nement of the di�raction patterns. Although the structure and

relative arrangement of the Keggin chains have been found with reasonable ac-

curacy from x-ray data, the location and di�erentiation of the cations and water

molecules residing between the Keggin chains is di�cult to achieve because of the

similarity of their scattering factors and the high mobility of those species. Thus,

the precise location of the cations and water molecules is investigated through

molecular simulations.

1.3 Molecular Modeling of Porous Crystalline Materials

Molecular simulations have proved to be an extremely useful tool in interpret-

ing experimental data, characterizing crystal structures, and predicting separation

and catalytic performance properties in materials such as zeolites [17], porous car-

bons [135] and mesoporous silica [88]. A variety of simulation techniques have been

used to examine properties such as lattice structure, preferred cation and sorbate

binding sites, adsorption isotherms and heats, and sorbate di�usion coe�cients

[7, 17, 36, 45, 70]. Although there are very few simulation studies examining the

structure and performance of the materials investigated in this work, the same

techniques used previously with zeolites and related open framework inorganic

materials can be applied to provide theoretical insight to ongoing experimental

studies of the crystalline titanosilicate and polyoxoniobate materials. A brief re-
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view of the signi�cant strategies and methodologies used in the zeolite literature is

presented as a background to the techniques that are used to model the titanosil-

icate and polyoxoniobate materials in this work.

1.3.1 Potential Parameter Development of Crystalline Materials

Development of molecular models that capture the physical nature of the in-

teratomic interactions is crucial in reliably predicting structural, thermodynamic

and transport properties of crystalline materials. Depending on the amount of

molecular-level detail needed to predict a particular property, a choice between

quantum chemical ab initio simulations and classical force �eld based simulations

is often apparent. Along these lines, there have been a considerable amount of

studies dedicated to the prediction of structural and mechanical properties of

crystals such as quartz, rutile, siliceous zeolites, and titanosilicates through both

quantum chemical ab initio studies [6, 35, 120, 122] as well as classical force �eld

based simulations [32, 37, 44, 55, 101, 104, 118, 123, 124, 137]. Both simulation

methodologies have been able to accurately reproduce experimentally observed

properties, such as lattice constants, bulk moduli, elastic constants, dielectric

constants, vibrational spectra and phonon dispersion curves.

It is appealing to use quantum chemical ab initio techniques for materials mod-

eling, since they account for the nuclear as well as electronic degrees of freedom,

thus capturing the detailed molecular-level physics of the system. However, there

is typically an enormous computational burden associated with ab initio calcula-

tions of large, densely populated unit cells with little point symmetry. Quantum

chemical simulations are typically restricted to small system sizes and are limited

in the properties that can be computed. Although there has been recent develop-
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ment of ab initio molecular dynamics [43] algorithms to compute thermophysical

properties, a majority of the ab initio methods have been restricted to the com-

putation of static properties through the use of energy minimization algorithms

[49, 66]. The major advantage of molecular dynamics and Monte Carlo simulations

comes with the ability to generate a large number of equilibrium con�gurations,

which enables one to compute ensemble averages of a particular thermodynamic

or transport property at a given state point. These ensemble averages provide a

link through statistical mechanics between microscopic and macroscopic proper-

ties of guest molecules in zeolites. To this end, the classical MD/MC approach has

been widely used to model larger system sizes and compute thermodynamic and

transport properties of the system, but at the expense of the painstaking devel-

opment of potential parameters that can accurately and reliably predict physical

properties.

Accurate prediction of structural and mechanical properties of simple crys-

talline systems via ab initio and classical simulations has provided a basis of

transferable force �eld potential parameters that are commonly extended to zeo-

lites and related porous materials. A commonly used strategy for potential param-

eter development is to perform quantum chemical simulations on small clusters

of the crystal and empirically �t classical force �eld parameters to the potential

functions [122]. This essentially translates electronic information from �rst prin-

ciples calculations to classical force �eld based simulations. Alternatively, force

�eld parameters can also be derived by empirically �tting the potential model

to reproduce experimentally observable properties [118, 137]. Both methodolo-

gies have proved to be successful in modeling crystalline structure and predicting

physical properties. Additionally, both are used in this work.

10



1.3.2 Molecular Modeling of Zeolites

Zeolites and open-framework inorganic materials are commonly used in indus-

try for their separation and catalytic properties. It is desirable to understand

the adsorption and transport mechanisms of guest molecules in zeolites in order

to optimize separation and catalytic performance. While macroscopic properties

such as adsorption isotherms and heats are well characterized through experi-

mental techniques, molecular simulations can provide a fundamental, microscopic

understanding of these properties.

Proper prediction of thermodynamic and transport properties of the system re-

quires adequate representation of the interaction between the adsorbate{adsorbent

interactions [1, 26, 54, 63, 64, 121]. As expected, the adsorbate will behave di�er-

ently in the bulk as compared to a con�ned adsorbed phase. A wealth of simulation

studies have focused on the development of semiempirical intermolecular potential

parameters for the adsorbate{adsorbent interactions. Typically, simulated predic-

tions of adsorption isotherms, isosteric heats of adsorption, preferred adsorption

sites and transport coe�cients are compared with experimental data to test and

validate potential models.

There have been a signi�cant number of publications on the adsorption of sim-

ple guest molecules in purely siliceous zeolites, such as silicalite [38, 68, 80, 89,

93, 101, 121, 125, 127]. Silicalite is a relatively simple structure to model since

it contains only silicon and oxygen in the framework. In addition, the framework

is charge neutral, thereby eliminating the need for large counterbalancing cations

in the channels. Given the simple nature of the structure, it is an ideal system

to investigate and develop adsorbate-adsorbent interaction parameters. Adsor-

bates range from rare gases to alkanes. A comprehensive review of various guest
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molecules in zeolites is given by Fuchs and Cheetham [45].

Enhancement of zeolite adsorption and separation performance can be achieved

by modifying the framework structure. One class of commercially relevant zeolites

are the aluminosilicates. By substituting aluminum for silicon in the zeolite frame-

work, a charge de�ciency is created, thereby requiring extra-framework counter-

balancing cations to compensate for charge neutrality. These countercations can

signi�cantly alter the adsorption and separation performance. Furthermore, the

performance properties can be altered by varying the silicon to aluminum ratio,

which in turn changes the countercation concentration. In addition to framework

modi�cations, there is continued synthesis of new zeolites and templated inorganic

structures with alternative pore sizes and dimensionality, which coupled with the

heteroatom substitutions and ion exchange of counterbalancing cations, leads to

an exponentially increasing number of structures. In this sense, it is possible to

design and tailor an open framework structure to have targeted properties.

X-ray di�raction studies are commonly used to determine structural informa-

tion of crystalline materials. Typically, the framework structure is well ordered,

making it easy to characterize through di�raction techniques. However, partial

disorder and partial occupancies of framework atoms and extra-framework cation

and sorbed species make full structural characterization extremely challenging

with traditional di�raction techniques. In addition, di�raction techniques have

had major di�culties in determining preferred substitution sites of aluminum

for silicon in zeolite frameworks. Without knowledge of aluminum locations,

it may be di�cult to understand the interplay between the framework and the

extra-framework cations, which in turn a�ects the structure/property relation-

ship. Thus, a number of modeling studies have investigated the structural and
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energetic e�ects of aluminum [123] as well as titanium [35, 66, 104, 124] distribu-

tion in siliceous zeolite frameworks.

In addition, extra-framework species can also be di�cult to detect through

di�raction techniques due to their small size, similar electron densities and scat-

tering factors. For example, the distribution of hydroxyl groups play a signi�cant

role in the catalytic properties of zeolites. Determination of the location of hy-

droxyl groups leads to an understanding of the catalytically active sites. Through

�rst principles calculations, Schroder et al. have examined the structure of possi-

ble bridging hydroxyl sites in protonated siliceous zeolites through lattice energy

minimizations [122, 123]. Comparison with experimental IR frequency bands was

able to con�rm the locations of the hydroxyl groups.

Determination of cation arrangement through di�raction techniques can be

challenging. Counterbalancing cations are located in crystallographic sites, which

can be unfolded into crystallographically equivalent positions by performing the

necessary space group symmetry operations. Often times, the number of crys-

tallographically equivalent positions exceeds the number of cations required for

charge neutrality, thus leading to partial occupancy of a crystallographic site.

Thus, full characterization of low symmetry sites with low occupancies can be-

come extremely di�cult through di�raction experiments. Another major di�culty

in powder di�raction experiments arises when sodium and water are present in a

system. Due to similar scattering factors and high mobility of each species, it can

be di�cult to distinguish whether the crystallographic site is occupied by sodium

or water. Thus, there is a need for methods that can reliably predict the extra-

framework cation distribution among available sites, since this is known to play

a crucial role on the adsorption and transport behavior. Molecular simulations
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have been extended to examine these problems, and have become invaluable to the

determination of crystal structures. Thus, the present section focuses on recent

progress in determining the location of cation and sorbed species in zeolites and

related open framework structures.

First, we consider simulation studies examining the location of countercations

in the absence of other adsorbed species. Examination of cationic zeolites in

the absence of sorbed species allows investigation of two major issues. First,

a better understanding and development of intermolecular potential parameters

between the counterbalancing cation and the zeolite framework is required for

accurate prediction of performance properties. Second, development of simulation

methodologies that can accurately and e�ciently sample con�guration space are

needed to determine the optimal, preferred cation distributions. Thus, we begin

with a brief review of the systems investigated through molecular simulations

and also the simulation strategies used to investigate cation distribution in open

framework systems.

Early simulation studies focused on using lattice energy minimizations to de-

termine the most favorable cation distributions [4, 48, 60]. The drawback of these

methods is that they do not probe con�gurations that may be statistically proba-

ble at higher, operating temperatures of zeolites. Another drawback is that these

simulations are critically dependent on the initial con�guration. Typical energy

minimization techniques cannot be guaranteed to locate global minimum energy

sites, especially if the ions need to pass over a high energy barrier from the starting

con�guration. Techniques that can reliably determine global minima are di�cult

to apply to these systems, given the large number of degrees of freedom [83].

Typically, generation of hundreds of initial con�gurations followed by structural
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optimizations are required to overcome this limitation. Even in minimizing hun-

dreds of initial con�gurations, it can never be guaranteed that a global minimum

is obtained. Although excellent predictions of cation arrangements have been ob-

tained in single component cationic systems, this could potentially be an issue in

examination of systems with mixed cation concentrations. Algorithm improve-

ments have been made in which an annealing procedure precedes the structural

optimization step [53, 62, 82]. This allows vastly di�erent cation distributions,

where the cations can easily overcome local energy barriers and sample deeper

potential energy wells.

Molecular dynamics and Monte Carlo simulations generate statistically aver-

aged information at a �nite temperature. As was the case in lattice energy mini-

mizations, standard NVT simulations are highly dependent upon initial con�gura-

tions are will not spontaneously converge to the most stable con�guration. Thus,

it is again required to start with multiple initial con�gurations [24, 25, 90, 94]. To

accelerate convergence of the algorithm, an annealing procedure is used to gener-

ate the initial con�gurations, which are subsequently optimized, where the same

distributions converge to the most stable state. Finally, a novel method, known as

replica-exchange Monte Carlo simulations, has been used to simultaneously simu-

late replicas of the same structure over a range of temperatures [11]. Periodically,

the replicas of two adjacent temperatures are swapped. The con�gurations at high

temperatures can easily overcome high energy barriers, while the low temperature

simulations probe the local minima. To date, this seems to be the most e�cient

algorithm to achieve convergence to the most stable structure.

As cationic zeolitic systems adsorb polar molecules, it has been noted exper-

imentally that the cations can redistribute into other sites [100]. In order to
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understand sorptive, ion exchange and catalytic properties, it is important to

gain a better understanding of the cation redistribution. To this point, most

modeling studies have examined sorptive properties by �xing the cation positions

to crystallographically solved positions [1, 56, 61, 63, 76, 87, 91]. But unfortu-

nately, as noted earlier, there is some uncertainty in the determination of cation

and sorbate locations through di�raction techniques, which motivates the use of

molecular modeling to probe the most stable con�gurations of sorbate/cation lo-

cations. There are only a handful of studies that have considered the e�ects of

cation redistribution upon adsorption [10, 12, 14, 26, 64, 95, 131]. Thus, as a

major focus of this work, we look to examine not only the sorptive properties of

water in our systems, but also the e�ects of cation redistribution upon adsorption.

1.4 Research Overview

The goal of this work is to help understand the origins of selectivity in crys-

talline titanosilicate and polyoxoniobate materials. Molecular simulations are used

to complement experimental di�raction studies, where they are used to assist in

the determination of crystal structures and provide molecular-level insight into

the underlying mechanisms of ion exchange.

In Chapter 2, a background of the molecular modeling techniques used in this

study is presented. Molecular dynamics as well as Monte Carlo simulations are

used to examine the structure/property relationships that govern sorptive and ion

exchange performance. In addition, advanced MD and MC techniques are used to

enhance sampling of con�gurational space and speed convergence. The simulated

annealing and replica-exchange techniques are described in detail.

Chapters 3 involves the development and validation of intermolecular poten-
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