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ABSTRACT 

The chemical and physical properties of the actinides are exploited in applications ranging from 

nuclear energy to radiopharmaceuticals, with the aqueous behavior of these metal cations playing 

a critical role in both industrial processing and environmental transport. Motivated by such 

applications as well as the ongoing need to develop a predictive understanding of the behavior of 

these elements, the goal of this work is to further elucidate the factors that govern actinide (An) 

aqueous speciation. Although several considerations are understood to underpin An identity (i.e. 

solution composition, complexing ligands, An oxidation state), the role of outer coordination 

sphere interactions in the assembly and stabilization of An species remains poorly understood. To 

this aim, the solution and solid-state structural chemistries of the early actinides, including thorium 

(Th), uranium (U), and plutonium (Pu), were explored in the presence of various counter-ions. 

Under acidic aqueous conditions, thirty-eight compounds were isolated, differing in stability, 

composition, and nuclearity. 

With a non-coordinating hydrogen (H) bond donor, ThIV adopted a monomeric Th–aquo–

chloro complex and a trimeric cluster. Under the same synthetic conditions, UIV formed the UCl62– 

dianion; however, addition of another H-bond donor yielded an isomorphous U–aquo–chloro 

complex. Expansion to other N–H donors ranging from pyridinium derivatives to terpyridine 

further underscored differences between ThIV and UIV. ThIV assumed various monomeric 

Th−aquo−chloro complexes whereas UIV crystallized as both U−aquo−chloro units and UCl62–. 

Extension to PuIV yielded only PuCl62–, highlighting an additional periodic break in the structural 
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chemistry of the early AnIV ions. Although PuIV invariantly formed the PuCl62– dianion, PuIII 

demonstrated flexibility in coordination number, connectivity, and charge that depended on the 

counter-ion identity. Similar syntheses were used with cerium (Ce), a known surrogate of Pu, and 

polynuclear Ce-oxo clusters were observed, which have important implications for understanding 

the assembly and surface chemistries of An clusters.  

Trends in the solid-state structural chemistry of the CeIV and AnIV complexes are discussed, 

and where possible, the relationship between those species that exist in the solid state and solution 

are described. The role counter-ions may have on complex stabilization are considered. The 

structural diversity afforded not only by An identity, but also through systematic changes of the 

counter-ion merit the consideration of the role that outer coordination sphere interactions play in 

governing An speciation and/or shifting equilibria. As evidenced by this work, noncovalent 

interactions may also be used as a synthetic strategy towards the isolation of elusive An complexes 

and clusters. 

 

 

 

 

 

 

 

 

 

 
 



 v 

ACKNOWLEDGEMENTS 

I feel immense gratitude towards the many people who have supported me throughout 

graduate school. First, thank you to my family. To my mom, you became my best friend during 

these five years. Our daily calls not only gave me the confidence to set foot in lab every day, but 

also gave me an outlet to voice failures and frustrations when the day was over, along with an 

optimism to keep trying the next day. Your unwavering support and unconditional love continue 

to be my greatest sources of strength. Although it is my name on the diploma, this degree is as 

much yours as it is mine. I truly believe I could not have done this without you by my side, cheering 

me on the entire way. To Steve, although you may be my little brother, I look up to you more than 

you will ever know. Your confidence in who you are and the integrity and work ethic for which 

you have approached your education these past years have made me want to be better in my own 

pursuits. I can’t wait to take on the nuclear field together! To the great Gus Bus, you are a constant 

source of happiness. Keep on being the best cat around. This is also for you, Dad. I made a promise 

to seek greatness for the both of us; I hope this degree makes you proud.  

An immeasurable thank you to my advisor, Karah Knope. You introduced a part of the 

periodic table to me that I had no understanding of at the start of grad school. Now, I am obsessed 

with the f-block! You taught me imperative and foundational knowledge about the actinides, while 

also conveying how to be a steadfast, thorough, inquisitive, and passionate chemist. Throughout 

successes, tribulations, excitement, and tears, you always pushed me to be better. Thank you for 

believing in me and cultivating the scientist I am today. 

To my amazing labmates: Alyssa Adcock, Nicole Vanagas, Lee Ayscue, Aphra Murray 

and Alex Marwitz, I will be forever grateful. Alyssa and Nicole, thank you for continuous 

mentorship. Nicole, you taught me how to work with radioactive materials and I will always be 



 vi 

indebted to your guidance and support. To my partner in crime, Lee. We have carried each other 

through grad school and I cannot thank you enough for your encouragement. I really believe those 

Georgetown campus walks got us through. To the newest members, Alex and Aph, your 

intelligence and work ethic are inspiring. Thank you to Aph, in particular, for coming to my aid 

countless times without question. To additional group members including Rami Batrice, Chloe 

Verwiel, Leti Breur, and others, it has been a pleasure to work with you. A special thanks to 

Jennifer Han, a talented researcher, for whom I have to thank for outstanding contributions to this 

work and an uplifting attitude. To the honorary Knope group members, Allison and Elliott, thank 

you for opening up your home and family to us. And to all the other Georgetown graduate students, 

especially the Stoll group, thank you for setting a standard of exceptional science while also being 

caring and friendly peers.   

Thank you to my committee, Jennifer Swift, Sarah Stoll, and Stosh Kozimor who have 

guided me and my research throughout my time at Georgetown. This dissertation would not be 

what it is today without your invaluable input.    

Thank you to the Georgetown Chemistry faculty and staff. It has been an honor to learn 

from you and work alongside you for these years. A special thanks to Jeff Bertke for teaching me 

crystallography, which I now love. You are always there to tackle challenging problems while also 

providing guidance along the way to the solution. Faye Rubinson, thank you for aiding in all areas 

of Raman spectroscopy. To the Radiation Safety team, I appreciate your efforts to support rad 

work at Georgetown, especially Don Mullins, Larry Ricks, and Shannon Johnson.   

I have had the immense fortune to engage in many fruitful and meaningful collaborations 

over the years. Many of the projects presented in this dissertation would not have been possible 

without the involvement and support from several collaborators. I thank our wonderful 



 vii 

computational colleagues including David Dixon, Monica Vasiliu, and Deborah Penchoff. 

Additionally, thank you to our many experimental collaborators, most of whom opened their labs 

and resources to me. Although the initial intent was for data collection, I gained irreplaceable 

knowledge, mentorship, and friends during these visits. Thank you to May Nyman and her research 

group at Oregon State University, from whom I learned the impressive power of small angle X-

ray scattering and the beauty of the state of Oregon. Thank you to Gian Surbella and the Nuclear 

Process Signatures Team at Pacific Northwest National Laboratory, who enabled me to experience 

my first transuranic manipulations. Gian, you were truly generous with your time and resources 

during our efforts to extend reactions from thorium/uranium to plutonium and coached me on how 

to properly handle TRU materials. To the folks at Los Alamos National Laboratory, one-fifth of 

my grad school tenure was spent with you. During this time, I learned valuable skills and lessons 

from the diverse background of researchers on the Inorganic, Isotope, and Actinide Chemistry 

Team. Thank you all for being my teachers, my second set of hands for TRU work, and my Boese 

Bros companions. In particular, I am eternally grateful to Stosh Kozimor. Thank you for your time, 

mentorship, and kindness. In just a year, you relayed career guidance and vital lessons that I will 

continue to draw on as I progress into my next chapter and beyond. You encouraged my 

involvement in state-of-the-art science with unprecedented isotopes, while also fostering endless 

laughs, Burrito Fridays, and beam run shenanigans.     

To Connor Pate: you will never truly understand just how much your optimism, kindness, 

and giggles sparked my happiness, which permeated into my research. When I need it most, you 

slowly and methodically empower me to believe in myself through your unwavering reassurance, 

praise, and encouragement. Thank you endlessly for being the most amazing teammate during this 



 viii 

time, always pushing me to be my best and supporting me to pursue my dreams – even if it means 

moving away from you for a short time.  

Thank you to my many non-science friends, from Longmont to Redlands, and now around 

the country. You have continued to inquire about my research and encourage me to keep pursuing 

my goals. Perhaps even more important, you have kept my sane when I couldn’t think about 

chemistry anymore. I cannot express my appreciation enough for your continued friendship. A 

special shout out to my DC gals, Mel, Morgan, LeeZa, and Stessy.  

Finally, thank you to the many agencies that made all of this work possible: U.S. 

Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences, Early Career 

Research Program under Award DE-SC0019190, Clare Boothe Luce Graduate Research 

Fellowship, and the DOE, Office of Science, Graduate Research Award (SCGSR).  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 ix 

TABLE OF CONTENTS 

CHAPTER 1: FUNDAMENTALS OF THE ACTINIDES ........................................................... 1 

1.1 History of the Radioactive Elements ........................................................................................ 3 
1.2 From Nuclear Weapons to Nuclear Waste ................................................................................ 6 
1.3 Warranted Need for Actinide Research .................................................................................... 8 
1.4 Fundamentals of the Actinide Series ...................................................................................... 11 

1.4.1 Oxidation States of the Actinides ................................................................................ 12 
1.4.2 Coordination Chemistry of the Actinides .................................................................... 14 
1.4.3 Covalency of the Actinides .......................................................................................... 17 
1.4.4. Spectroscopic Properties of the Actinides .................................................................. 18 

CHAPTER 2: ACTINIDE AQUEOUS SPECIATION ................................................................ 19 

2.1 Oxidation State ........................................................................................................................ 20 
2.2 Hydrolysis and Condensation ................................................................................................. 22 
2.3 Ligand Complexation .............................................................................................................. 28 
2.4 Outer Coordination Sphere Interactions ................................................................................. 29 

2.4.1 Supramolecular Chemistry ........................................................................................... 31 
2.4.2 Noncovalent Interactions in this Work ........................................................................ 34 

2.5 Thesis Goal: Probing the Impact of Noncovalent Interactions on An Speciation .................. 35 
2.5.1 System of Study: Actinide Halides .............................................................................. 36 
2.5.2 Systematic Approach: The Use of Structural Chemistry ............................................. 38 
2.5.3 Exploring Periodicity ................................................................................................... 39 
2.5.4 Experimental Techniques Paired with Computational Support ................................... 40 

2.6 Dissertation Outlook ............................................................................................................... 40 

CHAPTER 3: EXPERIMENTAL METHODS AND SYNTHETIC APPROACH ..................... 42 

3.1 Precautions: Working Safely with Radioactive Materials ...................................................... 42 
3.2 Actinide Starting Materials ..................................................................................................... 44 
3.3 Non-Radioactive Materials ..................................................................................................... 48 
3.4 General Synthetic Approach ................................................................................................... 48 
3.5 General Characterization Methods ......................................................................................... 48 

CHAPTER 4: MONOMERIC AND TRIMERIC THORIUM CHLORIDES ISOLATED FROM 
ACIDIC AQUEOUS SOLUTION ................................................................................................ 50 

4.1 Introduction ............................................................................................................................. 50 
4.2 Synthetic Approach to Monomeric and Trimeric Thorium(IV) Chlorides ............................. 51 
4.3 Structure Descriptions of Monomeric and Trimeric Thorium(IV) Chlorides ........................ 51 

4.3.1 Th(H2O)4Cl4⋅(HPy⋅Cl)2 (Th–1) .................................................................................... 51 
4.3.2 (HPy)3[Th3(H2O)2Cl10(OH)5]⋅(HPy⋅Cl)4 (Th–2) ......................................................... 53 

4.4 Vibrational Properties of Monomeric and Trimeric Thorium(IV) Chlorides ......................... 55 
4.5 Reaction Energetics between Monomeric and Trimeric Thorium(IV) Chlorides .................. 59 
4.6 Small Angle X-ray Scattering Studies .................................................................................... 61 
4.7 Discussion ............................................................................................................................... 63 

4.7.1 Monomeric Actinide Chlorides .................................................................................... 63 
4.7.2 Trimeric Thorium Hydrolysis Products ....................................................................... 65 



 x 

4.8 Conclusion / Outlook .............................................................................................................. 68 
4.9 Experimental Details ............................................................................................................... 69 

4.9.1 General Considerations ................................................................................................ 69 
4.9.2 Syntheses...................................................................................................................... 70 
4.9.3 X-ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ................................................................................................. 70 
4.9.4 Powder X-ray Diffraction ............................................................................................ 72 
4.9.5 Raman/IR Spectroscopies ............................................................................................ 73 
4.9.6 Small Angle X-ray Scattering (SAXS) ........................................................................ 73 
4.9.7 Computational Details for the Reaction Energetics between Th–1 and Th–2 ............. 74 

CHAPTER 5: URANIUM(IV) CHLORIDE COMPLEXES; UCl62– AND AN 
UNPRECEDENTED U(H2O)4Cl4 STRUCTURAL UNIT .......................................................... 75 

5.1 Introduction ............................................................................................................................. 75 
5.2 Synthetic Approach to Uranium(IV) Chlorides ...................................................................... 75 
5.3 Structure Descriptions of Uranium(IV) Chlorides .................................................................. 76 

5.3.1 (HPy)2UCl6 (U–3) ........................................................................................................ 76 
5.3.2 U(H2O)4Cl4⋅(HPy⋅Cl)2 (U–1) ....................................................................................... 78 

5.4 Computational Investigation of the Structures and Energetics of Formation ......................... 80 
5.5 Spectroscopic and Magnetic Properties of Uranium(IV) Chlorides ....................................... 81 

5.5.1 Vibrational Spectroscopy ............................................................................................. 81 
5.5.2 Electronic Absorption Spectroscopy ............................................................................ 84 
5.5.3 Magnetic Properties ..................................................................................................... 85 

5.6 Discussion ............................................................................................................................... 87 
5.7 Conclusion / Outlook .............................................................................................................. 89 
5.8 Experimental Details ............................................................................................................... 90 

5.8.1 General Considerations ................................................................................................ 90 
5.8.2 Syntheses...................................................................................................................... 90 
5.8.3 X-ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ................................................................................................. 91 
5.8.4 Powder X-ray Diffraction ............................................................................................ 93 
5.8.5 Raman/IR/UV-vis-NIR Spectroscopies ....................................................................... 94 
5.8.6 Magnetic Measurements .............................................................................................. 94 
5.8.7 Computational Details ................................................................................................. 94 

CHAPTER 6: FROM THORIUM TO PLUTONIUM: TRENDS IN ACTINIDE(IV) 
STRUCTURAL CHEMISTRY .................................................................................................... 96 

6.1 Introduction ............................................................................................................................. 96 
6.2 Synthetic Approach to Actinide(IV) Chlorides and Characterization Strategy ...................... 97 
6.3 Structure Descriptions of Actinide(IV) Chlorides .................................................................. 98 
6.4 Characterization of the Spectroscopic Properties of Actinide(IV) Chlorides ....................... 108 

6.4.1 Electronic Absorption Studies of Actinide(IV) Chlorides (An=U, Pu) ..................... 108 
6.4.2 Vibrational Properties of Actinide(IV) Chlorides (An=Th, U, Pu) ........................... 110 

6.5 Discussion ............................................................................................................................. 114 
6.6 Conclusions / Outlook .......................................................................................................... 120 
6.7 Experimental Details ............................................................................................................. 121 

6.7.1 General Considerations .............................................................................................. 121 



 xi 

6.7.2 Syntheses of Thorium Compounds ............................................................................ 122 
6.7.3 Syntheses of Uranium Compounds ............................................................................ 124 
6.7.4 Syntheses of Plutonium Compounds ......................................................................... 128 
6.7.5 X-ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ............................................................................................... 130 
6.7.6 Powder X-ray Diffraction .......................................................................................... 136 
6.7.7 Raman and IR Spectroscopies ................................................................................... 137 
6.7.8 Electronic Absorption Spectroscopy .......................................................................... 138 
6.7.9 Elemental Analysis .................................................................................................... 138 

CHAPTER 7: THE IMPACT OF NONCOVALENT INTERACTIONS ON THE  
STRUCTURAL CHEMISTRY OF THORIUM(IV)–AQUO–CHLORO COMPLEXES ......... 139 
7.1 Introduction ........................................................................................................................... 139 
7.2 Synthetic Approach of Thorium(IV)–Aquo–Chlorides ........................................................ 140 
7.3 Structure Descriptions of Thorium(IV)–Aquo–Chlorides .................................................... 141 

7.3.1 (QuinoH)2[Th(H2O)2Cl6]⋅H2O (Th–15) ..................................................................... 142 
7.3.2 [Th(H2O)4Cl4]⋅2(2-MePyH⋅Cl)⋅H2O (Th–16) ........................................................... 144 
7.3.3 [Th(H2O)4Cl4]⋅2(HPhen⋅Cl)⋅2H2O (Th–17) .............................................................. 145 
7.3.4 [Th(H2O)4Cl4]⋅2(H2Terpy⋅2Cl)⋅3H2O (Th–18) ......................................................... 146 
7.3.5 [Th(H2O)4Cl4]⋅2(4-ClPyH⋅Cl) (Th–19) ..................................................................... 148 

7.4 Theoretical Efforts ................................................................................................................ 149 
7.4.1 Assembly of ThIV Structures with Stepwise Chloride Substitution ........................... 149 
7.4.2 Energetic Landscape of Thorium(IV)–Aquo–Chloro Complexes ............................. 150 
7.4.3 Electrostatic Potential Plots of Thorium(IV)–Aquo–Chlorides ................................. 155 

7.5 Vibrational Properties of Thorium(IV)–Aquo–Chlorides .................................................... 157 
7.6 Discussion ............................................................................................................................. 158 

7.6.1 Aqueous ThIV Speciation in Solution and the Solid-State ......................................... 158 
7.6.2 Understanding Experimental Observations through Theoretical Support ................. 159 

7.7 Conclusion / Outlook ............................................................................................................ 161 
7.8 Experimental Methods .......................................................................................................... 162 

7.8.1 General Considerations .............................................................................................. 162 
7.8.2 Synthetic Methods ..................................................................................................... 163 
7.8.3 X-ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ............................................................................................... 167 
7.8.4 Vibrational Spectroscopies ........................................................................................ 170 
7.8.5 Computational Methods ............................................................................................. 171 

CHAPTER 8: CORRELATING PLUTONIUM(III) INNER COORDINATION SPHERE 
ENVIRONMENTS WITH OUTER SPHERE CATIONS ......................................................... 173 

8.1 Introduction ........................................................................................................................... 173 
8.2 Synthetic Approach of Plutonium(III) Chlorides ................................................................. 174 
8.3 Structural Analysis of Plutonium(III) Chlorides ................................................................... 175 
8.4 UV-Visible Spectral Analysis of Plutonium(III) Compounds .............................................. 184 
8.5 XANES Analysis of Plutonium(III) Chlorides ..................................................................... 186 
8.6 Discussion ............................................................................................................................. 189 

8.6.1 Aqueous PuIII Speciation in Solution and the Solid-State ......................................... 189 
8.6.2 Extension to Americium(III) with BipyH22+ .............................................................. 190 



 xii 

8.6.3 Correlating the Inner Sphere of PuIII with Outer Sphere Counter-Cations ................ 192 
8.7 Conclusions and Outlook ...................................................................................................... 195 
8.8. Experimental Methods ......................................................................................................... 196 

8.8.1 General Considerations .............................................................................................. 196 
8.8.2 Preparation of Pu Stock Solutions ............................................................................. 197 
8.8.3. Synthesis of Plutonium(III) Chlorides ...................................................................... 198 
8.8.4 X-Ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ............................................................................................... 201 
8.8.5 Solid-State Electronic Absorption Spectroscopy ....................................................... 204 
8.8.6 X-Ray Absorption Spectroscopy (XAS) .................................................................... 204 

CHAPTER 9: MIXED-VALENCY, SURFACE REACTIVITY, AND VARYING 
NUCLEARITY OF CERIUM-OXO NANOCLUSTERS .......................................................... 208 

9.1 Introduction ........................................................................................................................... 208 
9.2 Synthetic Approach to Ce Nanoclusters ............................................................................... 209 
9.3 Structure Descriptions of Ce Nanocluster with K+ Counter-ions ......................................... 210 

9.3.1 Composition and Assembly of Ce–26a ...................................................................... 210 
9.3.2 Two Proposed Formulas for Ce–26: Ambiguity in Ce Oxidation State .................... 214 

9.4 Valence Determination of Ce–26 .......................................................................................... 215 
9.4.1 X-ray Photoelectron Spectroscopy (XPS) ................................................................. 215 
9.4.2 X-ray Absorption Near Edge Fine Structure (XANES) Spectroscopy ...................... 217 

9.5 Phase Transformation of Ce–26 ............................................................................................ 220 
9.6 Electronic Absorption Spectroscopy of Ce–26 and Ce–27 ................................................... 223 
9.7 Vibrational Properties of Ce–26 and Ce–27 ......................................................................... 225 
9.8 Discussion ............................................................................................................................. 227 

9.8.1 Polynuclear Ce Species .............................................................................................. 227 
9.8.2 Novel Ce-Oxo Clusters with the PyH+ Counter-Cation ............................................ 230 
9.8.3 Extension to PuIV ....................................................................................................... 231 

9.9 Conclusion / Outlook ............................................................................................................ 232 
9.10 Experimental Methods ........................................................................................................ 234 

9.10.1 General Considerations ............................................................................................ 234 
9.10.2 Syntheses of Ce Compounds ................................................................................... 234 
9.10.3 X-ray Structure Determination, Crystallographic Refinement Details, and 
Crystallographic Parameters ............................................................................................... 237 
9.10.4 Infrared, Raman, UV-vis-NIR Spectroscopy ........................................................... 240 
9.10.5 Powder X-ray Diffraction ........................................................................................ 241 
9.10.6 X-ray Photoelectron Spectroscopy (XPS) ............................................................... 241 
9.10.7 Ce L3–Edge X-ray Absorption Spectroscopy (XAS) .............................................. 241 

CHAPTER 10: DISSERTATION SUMMARY AND OUTLOOK ........................................... 244 

10.1 Dissertation Summary ......................................................................................................... 244 
10.2 Research Outlook ................................................................................................................ 249 

APPENDIX A: POWDER X-RAY DIFFRACTION PATTERNS ........................................... 251 
APPENDIX B: RAMAN AND INFRARED SPECTROSCOPIC DATA ................................. 262 
APPENDIX C: SMALL ANGLE X-RAY SCATTERING DATA ........................................... 275 
APPENDIX D: DENSITY FUNTIONAL THEORY DATA .................................................... 276 



 xiii 

APPENDIX E: MAGNETISM DATA ....................................................................................... 277 
APPENDIX F: ELECTRONIC ABSORPTION SPECTROSCOPY DATA ............................. 279 
APPENDIX G: TABULATION OF NONCOVALENT INTERACTIONS .............................. 283 
APPENDIX H: POLYHEDRAL REPRESENTATIONS OF SELECT COMPOUNDS .......... 293 
APPENDIX I: BOND VALENCE SUMMATIONS ................................................................. 296 
APPENDIX J: X-RAY ABSORPTION NEAR EDGE STRUCTURE (XANES) 
SPECTROSCOPY DATA .......................................................................................................... 297 
APPENDIX K: FLUORESCENCE DATA ................................................................................ 300 
APPENDIX L: LICENSES AND PERMISSIONS .................................................................... 301 
REFERENCES ........................................................................................................................... 304 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 xiv 

LIST OF FIGURES 

Figure 1.1 The group of elements, from atomic numbers 89–103, known as the actinides. .......... 1 
Figure 1.2 Underground tank farm at the Hanford Site. ................................................................. 7 
Figure 1.3 Statistics from the Cambridge Structural Database (CSD) illustrating the lack of 
reported actinide crystal structures. .............................................................................................. 10 
Figure 1.4 The rich redox chemistry of plutonium. ...................................................................... 13 
Figure 1.5 Radial extent of valence electrons for Sm3+ and Pu3+. ................................................ 18 
Figure 2.1 The coordination sphere of uranium under aqueous conditions in the (a) hexavalent 
oxidation state and (b) the tetravalent oxidation state. ................................................................. 21 
Figure 2.2 Representation of “inner” and “outer” coordination sphere. ....................................... 30 
Figure 3.1 LANL plutonium reprocessing method. ...................................................................... 46 
Figure 3.2 PNNL plutonium reprocessing method. ...................................................................... 47 
Figure 4.1 Packing diagram of Th–1. ........................................................................................... 52 
Figure 4.2 Trimeric structural unit and crystal packing diagram of Th–2. ................................... 55 
Figure 4.3 Infrared and Raman spectra of Th–1 and Th–2. .......................................................... 57 
Figure 4.4 Energetic landscape between the monomer in Th–1, the trimer in Th–2,  
and ThCl62−. .................................................................................................................................. 60 
Figure 4.5 Small angle X-ray scattering studies of Th–1 and Th–2 in water. .............................. 61 
Figure 4.6 Comparison of trinuclear building units contained within various compounds, 
highlighting different ligand environments. ................................................................................. 66 
Figure 5.1 Illustration of U–3 collected at 100 K. ........................................................................ 77 
Figure 5.2 Illustration of U–3 collected at 296 K. ........................................................................ 78 
Figure 5.3 Illustration of U–1. ...................................................................................................... 79 
Figure 5.4 Calculated infrared frequencies and experimental observations plotted for U–3 and 
U–1. ............................................................................................................................................... 82 
Figure 5.5 Calculated Raman frequencies versus experimental observations for U–3 and U–1. . 83 
Figure 5.6 Overlay of UV-vis-NIR spectra with corresponding transitions for U–3 and U–1. .... 85 
Figure 5.7 Effective moment and inverse magnetic susceptibility of U–3 and U–1 in an applied 
field of 5000 Oe. ........................................................................................................................... 86 
Figure 6.1 Summary of the N−H heterocycles used in this Chapter and their corresponding  
pKa values. .................................................................................................................................... 97 
Figure 6.2 Illustration of the five distinct structural units observed in the An compounds  
(An=Th, U, Pu) presented in this Chapter .................................................................................... 98 
Figure 6.3 Illustrations of Th–4. ................................................................................................. 100 
Figure 6.4 Packing diagrams of An–5 (An=Th, U). ................................................................... 101 
Figure 6.5 Packing diagram of An–6 .......................................................................................... 101 
Figure 6.6 Packing diagram of Th–7 viewed down [100]. ......................................................... 102 
Figure 6.7 Polyhedral representation of Th–8. ........................................................................... 103 
Figure 6.8 Packing diagram of U–12 viewed along [100]. ......................................................... 104 
Figure 6.9 Illustration of the undulating chains observed in An–9. ............................................ 105 
Figure 6.10 Chain motif observed in An–10. ............................................................................. 105 
Figure 6.11 Polyhedral representation of the supramolecular assembly formed in An–11. ....... 106 
Figure 6.12 Illustration of An–13. .............................................................................................. 107 
Figure 6.13 Illustration of the supramolecular network in An–14. ............................................. 107 
Figure 6.14 Solution and solid-state electronic absorption studies for UIV and PuIV. ................ 109 



 xv 

Figure 6.15 Raman spectra of Th–4 – Th–8. .............................................................................. 111 
Figure 6.16 Raman spectra collected for UCl62– compounds. .................................................... 112 
Figure 6.17 Comparison of (H2bipy)AnCl6, An–10, (An=U, Pu) Raman spectra. ..................... 113 
Figure 6.18 Summary of the AnIV molecular units isolated for thorium, uranium, and plutonium  
in the presence of various counter-cations. ................................................................................. 115 
Figure 6.19 Experimental setup to attain PuIV compounds. ........................................................ 129 
Figure 6.20 Plexiglass sample holders for Pu Raman spectroscopy. .......................................... 137 
Figure 7.1 Chemical structures of the protonated nitrogen-containing heterocyclic counter-ions 
used in this work and their corresponding pKa values. ............................................................... 140 
Figure 7.2 Illustration of the seven distinct Th(H2O)xCly structural units observed within the Th 
compounds presented in this Chapter. ........................................................................................ 141 
Figure 7.3 Packing diagram of Th–15. ....................................................................................... 143 
Figure 7.4 Illustration of Th–16. ................................................................................................. 144 
Figure 7.5 Packing diagram of Th–17. ....................................................................................... 146 
Figure 7.6 Packing diagram of Th–18. ....................................................................................... 147 
Figure 7.7 Packing diagram of Th–19. ....................................................................................... 148 
Figure 7.8 Cl– addition and H2O displacement energy as a function of molecular charge. ........ 153 
Figure 7.9 Electrostatic potential (ESP) plots for Th–19. ........................................................... 156 
Figure 7.10 Infrared (IR) and Raman spectra of Th–16. ............................................................ 158 
Figure 8.1 Summary of N–H heterocyclic counter-cations and PuIII structural units isolated  
in this work. ................................................................................................................................ 176 
Figure 8.2 Packing diagrams of Pu–20. ...................................................................................... 177 
Figure 8.3 Illustrations of the crystal structure of Pu–21. ........................................................... 178 
Figure 8.4 Packing diagrams of Pu–22. ...................................................................................... 180 
Figure 8.5 Illustrations of (PhenH)(PhenH2)PuIIICl6⋅2H2O (Pu–23) .......................................... 182 
Figure 8.6 UV-vis spectra collected on single crystals of PuIV and PuIII compounds. ............... 185 
Figure 8.7 Pu L3–edge X-ray Absorption Spectra (XAS) from plutonium compounds. ............ 188 
Figure 9.1 Illustration of the Ce sites that assemble together to yield Ce–26a. .......................... 211 
Figure 9.2 Polyhedral representations of Ce–26a. ...................................................................... 213 
Figure 9.3 Ce 3d3/2, 5/2 XPS spectrum collected for Ce–26. ........................................................ 216 
Figure 9.4 Ce L3–edge XAS spectra collected at 80 K. .............................................................. 217 
Figure 9.5 The Ce L3–edge spectra (room temperature) from Ce–26 as a function of time. ..... 219 
Figure 9.6 Ball-and-stick representations of Ce–26 and Ce–27. ................................................ 221 
Figure 9.7 Illustration of the surface reactivity that occurs on the tetranuclear {Ce4} caps,  
captured through a single-crystal-to-single-crystal transformation. ........................................... 222 
Figure 9.8 Electronic absorption spectra of one Ce–26 single crystal as a function of time. ..... 225 
Figure 9.9 Raman spectra of single crystals of Ce–26 and Ce–27. ............................................ 226 
Figure 9.10 Illustration of equilibrium between cerium structural units isolated from  
acidic aqueous chloride solutions with PyH+ counter-ions. ........................................................ 231 

 
 
 
 
 

 



 xvi 

LIST OF TABLES 

Table 1.1 Accessible oxidation states of An elements under all conditions. ................................ 12 
Table 2.1 Survey of representative tetravalent clusters of Th, U, and Pu formed through 
hydrolysis and condensation. ........................................................................................................ 24 
Table 2.2 Selected covalent and noncovalent interactions and their relative strengths. ............... 32 
Table 3.1 Half-lives and radioactive decay pathways of isotopes used in this work. ................... 42 
Scheme 3.1 Synthesis of UCl4 from UO3 via a radical-initiated reaction with  
hexachloropropene. ....................................................................................................................... 45 
Table 4.1 Bond valence summation (BVS) values for crystallographically unique atoms  
in Th–2. ......................................................................................................................................... 54 
Table 4.2 Summary of the Modeling II fits of the bulk sample and the calculated values. .......... 63 
Table 4.3 Crystallographic details for Th–1 and Th–2 at 100 K. ................................................. 72 
Table 5.1 Selected intermolecular nonbonding distances (Å) and angles (°) in U–1. .................. 80 
Table 5.2 Crystallographic structure refinement details for U–3 (100 K, 296 K)  
and U–1 (100 K). .......................................................................................................................... 93 
Table 6.1 Average bond distances in An–aquo–chloro compounds. ............................................ 99 
Table 6.2 Average An–Cl bond distances in AnCl62– based compounds. .................................... 99 
Table 6.3 Equilibrium constants for ThIV, UIV, and PuIV chloride complexation,  
as defined in Equation 6.1. .......................................................................................................... 117 
Table 6.4 Crystallographic structure refinement parameters for compounds in this Chapter. ... 133 
Table 7.1 Average Th–OH2O and Th–Cl bond distances for the ThIV–aquo–chloro  
compounds reported in this Chapter. .......................................................................................... 142 
Table 7.2 Reaction energies, ΔGaq, in kcal/mol for selected ThIV–aquo–chloro complexes. ..... 152 
Table 7.3 Reaction energies, ΔGaq, in kcal/mol highlighting transformations  
of different Th(H2O)4Cl4 isomers. .............................................................................................. 154 
Table 7.4 Crystallographic structure refinement details for Th–15 through Th–19. .................. 170 
Table 8.1 Average bond distances in PuIII/PuIV compounds.a .................................................... 183 
Table 8.2 Pu L3–edge XAS metrics. .......................................................................................... 187 
Table 8.3 Crystallographic structure refinement parameters for compounds in this Chapter. ... 203 
Table 9.1 Crystallographic structure refinement parameters for compounds in this Chapter. ... 239 



 1 

CHAPTER 1: FUNDAMENTALS OF THE ACTINIDES 

The widespread influence of the actinide (An) elements is realized through the number of critical 

areas that rely on their distinct properties, impacting the national, global, and even extraterrestrial 

stages. Largely exploited for their radioactivity, the actinides (Figure 1.1) are used to power the 

electrical demands of countries around the world,1-3 fulfill life-saving medical procedures,4-6 

propel space exploration,7-8 and much more.9  

 
Figure 1.1 The group of elements, from atomic numbers 89–103, known as the actinides. 

One of the most prominent uses of the actinides is in the energy sector.3 Nuclear energy is 

a key component of many power grids worldwide; the United States produces roughly 20% of 

their electricity from nuclear generation, whereas France sources upwards of 70%.10 Today, 

climate change has warranted a movement towards renewable energy, with nuclear playing a 

critical role as a near net-zero carbon emission energy source.11 Unlike wind and solar power that 

depend on environmental inputs, nuclear power generates energy through nuclear fission around 

the clock, serving as a constant and critical piece of the energy portfolio that can support lulls when 

other sources fluctuate. As the world population grows and energy demands continue to surge, 

nuclear power is expected to remain an essential energy supplier in many economically developing 

and developed nations for the foreseeable future.12  

In addition to nuclear power, the An elements are essential in the medical field. Nearly 

one-third of all medical procedures involve radiation or radioactivity to diagnose, monitor, and 

treat medical conditions in humans.13 In particular, the rapidly expanding field of actinide 

radiopharmaceuticals harnesses radiation emitted from radioisotopes to treat cancers and other 

diseases. One example is the neutron-emitting radionuclide californium-252 (252Cf) used in 
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brachytherapy, or rather radiotherapy wherein a sealed source of the isotope is placed inside or 

near the area, for the treatment of certain cancers.14 Another promising arena is targeted alpha (𝛼) 

therapy (TAT) wherein the actinide is linked to a targeting agent like an antibody or protein that 

delivers the radioisotope to the treatment area with site specificity.15 The 𝛼 particles emitted from 

the radioisotope then bombard the area, thereby killing the diseased cells while leaving normal 

cells relatively unaffected given the short distance (<100 𝜇m) 𝛼 particles travel in biological 

tissue.16 The 𝛼-emitting isotopes with short half-lives are particularly well-suited for TAT, as their 

rate of decay is long enough to synthesize a radiopharmaceutical complex but short enough so that 

the patient does not receive long-term radiation exposure. Thorium-227 (227Th) and actinium-225 

(225Ac) have received considerable attention as promising candidates for TAT, with 227Th–DOTA–

trastuzumab for the treatment of HER-2 positive breast and ovarian cancers and 225Ac–DOTA–

lintuzumab for the treatment of acute myeloid leukemia currently in clinical trials.17-19 The critical 

need to chelate radiometals to form thermodynamically stable and kinetically feasible complexes 

has been a fundamental challenge in actinide radiopharmaceuticals; the field has pushed to design 

effective chelating ligands to sequester the radioactive species that if free, can accumulate in non-

target locations in the body.20 Recently, chelators such as the tetraprotic 3,4,3-LI(1,2-HOPO)21 

ligand and a macrocycle with terephthalamide binding groups22 have shown great promise. 

Overall, the use of actinides in medical procedures, treatments, and imaging has greatly advanced 

the ability to save lives. The unique chemical and physical properties of actinides have also been 

harnessed for molecular magnetism23-25 and An-mediated reactivity.26-29   

Actinides have not only been exploited in this world, but have also been key components 

in space exploration. Plutonium-238 (238Pu) is non-fissile, possesses high heat density, and decays 

through 𝛼 emission, which position this radionuclide as an ideal fuel for radioisotope 



 3 

thermoelectric generators (RTGs) that power unmanned spacecrafts in deep space.30 Missions such 

as the Mars Curiosity Rover and New Horizons rely on 238Pu to explore new space frontiers.  

It would be remiss not to address the uses of the actinides for national security and in fact, 

much of what we know about the actinides today arose from the development of nuclear weapons.  

The ability of certain actinides, namely uranium-235 (235U) and plutonium-239 (239Pu), to be fissile 

and sustain a nuclear fission chain reaction, was used to engineer the most powerful weapon ever 

known at that time.31 The atomic bombing of Hiroshima and Nagasaki in 1945 were major 

contributors to the end of World War II that then spurred the nuclear arms race of the Cold War.30 

After the Treaty on the Non-Proliferation of Nuclear Weapons in 1970, significant dismantlement 

of the nuclear countries’ arsenals ensued.32 Despite the transition towards reduction of nuclear 

weapons and the movement towards non-proliferation, nuclear-armed states still exist today.33 

Needless to say, the actinides are arguably some of the most influential elements on the periodic 

table. As Richard Rhodes stated in the Pulitzer Prize winning novel, The Making of the Atomic 

Bomb, the “discovery of how to release nuclear energy, like all fundamental scientific discoveries, 

changed the structure of human affairs—permanently.”  

 

1.1 History of the Radioactive Elements 

The discovery and fundamental knowledge of the actinides are intimately tied to the 

invention of nuclear weapons. Before the Manhattan Project, however, several important findings 

pushed forward the understanding of these elements, and more broadly, radioactivity as a whole.    

Although not nearly representative of all the ground-breaking discoveries that took place, a few 

notable findings and historical events are briefly discussed. X-rays were first discovered in 1895 

by Wilhelm Conrad Röntgen, closely followed by Antoine Henri Becquerel’s discovery that a 
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mineral containing uranium produced “rays” in 1896, observed by the darkening of a photographic 

plate without light.34 Scientists thereafter continued to work with uranium and other radioactive 

minerals to find that radiation had atomic origins. In particular, Marie Curie and her husband, 

Pierre, expanded upon the findings of Becquerel to investigate other minerals and substances for 

radioactivity – a term coined by Marie. Their work led to the discovery of two previously unknown 

elements, polonium and radium, for which they shared the 1903 Nobel Prize in Physics with 

Becquerel. Marie Curie went on to win another Nobel Prize in 1911, this time in Chemistry, for 

her work to produce radium as a pure metal in addition to the applications of radiation in both 

scientific exploration and medical treatment of tumors.35 Around this time Ernest Rutherford, 

along with Frederick Soddy, demonstrated two types of radiation (alpha and beta) and theorized 

that elements could decay and transform into other elements.34 This work later inspired Niels 

Bohr’s model of the atom.36 As an understanding of radioactivity progressed, so did the theory of 

nuclear fission. Efforts by Otto Hahn, Fritz Strassmann, and Lise Meitner laid the ground work for 

nuclear weapons and energy, reporting nuclear fission in 1938.37 The discovery of plutonium (Pu) 

by Glenn Seaborg and coworkers came shortly after in 1941.38 Less than two years later at the 

University of Chicago Metallurgical Laboratory, Enrico Fermi’s Chicago Pile 1 “CP-1” 

accomplished the first self-sustaining nuclear reaction.39 This discovery was used to model the 

Hanford and Oak Ridge Sites to obtain nuclear fuel for atomic weapons. Equipped with a viable 

method to make enough fissile material, President Franklin D. Roosevelt secretly set into motion 

the Manhattan Project in 1942 with the aim to weaponize nuclear energy. Over the next handful 

of months, one of the most impressive scientific feats was accomplished. The Manhattan Project 

expanded the small self-sustaining nuclear reaction of CP-1 to full-scale reactors and scaled up 
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extraction methods from the microscopic amounts of Pu synthesized in the laboratory to the large 

amounts needed for the world’s first nuclear weapons.40  

After the end of World War II, the next decades involved countless nuclear tests, the 

assembly of nuclear arsenals for select countries, and the Cold War / nuclear arms race. 

Advancements in nuclear technology ranged from standardizing the use of radiotherapy for 

medical treatments, understanding nuclear fusion, and controlling nuclear fission for naval 

propulsion and nuclear power.9  Up to this point in history an understanding of radioactivity – from 

the detection of X-rays to the detonation of nuclear weapons and deployment of nuclear energy – 

coincided with invaluable information that was learned about the effects of radiation on the human 

body, other species, and the environment.41-42 Unfortunately, these discoveries coincide with a 

large loss of life; those researching radioactivity, the animal and human test subjects, and the 

victims and survivors of the atomic bombs are scars that cannot be forgotten in the history of 

radioactivity. Today, strict dose limits and proper training ensure safety and protection for 

radiological workers, the community, and environment for which they operate in.   

The impressive, complicated, and even grim history of the radioactive elements is apparent. 

We have harnessed their properties for countless motivations and applications that changed 

history. Along the way, the discovery of the actinide series was uncovered, ranging from uranium 

in 1789 to Lawrencium in 1961. Glenn Seaborg, along with many colleagues, impressively 

discovered eight of the fifteen actinides (atomic numbers 95–102) along with element 106 

(seaborgium) and more than 100 other isotopes of elements.38 Seaborg also is recognized with the 

creation of the Actinide Concept that reorganized the structure of the periodic table to place the 

actinides below the lanthanides in the 5f-block instead of with the d-block, as had been widely 

accepted before his proposal.43 Although radioactivity research aimed to uncover the mysteries of 
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radiation and discover the actinide series, the findings reached far beyond the row of elements at 

the bottom of the periodic table, ultimately aiding in our fundamental understanding of atomic 

structure, nuclear forces, isotopes, and much more.34 

 

1.2 From Nuclear Weapons to Nuclear Waste  

The invention of nuclear weapons changed the landscape of world history as we knew it. 

Today, actinide scientists are motivated by other arenas that use An technologies, such as energy, 

space exploration, and medicine, and need to understand the fundamental science behind their 

physical properties.44 Consequently, the radioactive nature and relatively long half-lives of many 

of these elements merit the need for proper disposal and/or long-term storage of the accrued 

nuclear waste. It should be noted that spent fuel in storage and reprocessed spent fuel is only a 

fraction of the total hazardous waste. Globally, about 400 million tons of hazardous waste are 

generated each year from sources like organic solvents, asbestos, and biocides, whereas 0.4 million 

tons of radioactive waste – mainly derived from nuclear electricity generation – are produced per 

year (these figures exclude mining and milling wastes).45  Nonetheless, it is imperative to have a 

“back-end” plan for the recycling, separations, long-term storage, and environmental impact of the 

radioactive material once it has served its purpose, yet nuclear waste management was largely 

ignored during the Atomic Era. As a result, a grand challenge has since emerged to clean up the 

nuclear waste and contamination created by nuclear weapons development.46 For example, the 

Hanford Site that spans 586 square miles in eastern Washington, USA produced Pu from 1943–

1987. Now, transuranic contamination of the soil at the Hanford site exists,47 coupled with roughly 

56 million gallons of radioactive waste held in giant steel containers, many of which are leaking, 

and clustered into underground “tank farms” on site (Figure 1.2).48 The task to reduce, separate, 
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and permanently store/dispose of the contents in the giant waste tanks is cumbersome, demanding, 

and complex as the tanks contain all types of radioactive and hazardous chemicals in different 

physical states ranging from gases to solids.  

 
 
Figure 1.2 Underground tank farm at the Hanford Site. In total, 177 tanks store radioactive 
and hazardous waste generated during plutonium production. As part of the Hanford Cleanup 
Project, the majority of the tanks’ contents must be removed for treatment at the on-site Waste 
Treatment/Vitrification Plant and then properly stored. Source: US Department of Energy.     
 

With a budget of over $2 billion dollars a year, the Hanford Cleanup Project remains one of the 

biggest and continuing challenges from the Atomic Era, falling on the shoulders of many 

generations to come.49 Although Hanford is an extreme example, there are numerous sites around 

the country and the world that are grappling with how to deal with past waste disposal strategies.  

Currently, the Nuclear Regulatory Commission (NRC) regulates all commercially 

produced radioactive waste in the United States, estimated at 75,000 tons of heavy metal (t HM), 

yet there is currently no long-term disposal strategy.50 The Waste Isolation Pilot Plant (WIPP), a 

geological repository within a salt deposit, is the only site on US soil that accepts high-level 
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radioactive waste for long-term storage, while development of other proposed storage sites like 

Yucca Mountain continue to be stagnant.50 Therefore, much of the United States waste remains at 

the sites in which it was produced, stored in cooling pools and dry casks. In contrast to the once-

through nuclear reactor fuel system in the US, countries like France and Russia reprocesses their 

spent nuclear waste.51 Despite varying strategies, or rather lack thereof, nuclear waste management 

continues to challenge governments, industries, and communities worldwide.  

The use of radioactive material has created a conundrum: it is critical in a number of 

important applications, but also generates radioactive waste that is difficult to manage. Further, 

nuclear accidents, weapons testing, mining, and past disposal strategies have resulted in 

anthropogenic releases of radioactive elements into the environment.52-54 Therefore, a pressing 

need to predict and control the chemical identity and behavior of radionuclides in scenarios 

pertaining to nuclear waste, separations, and environmental migration has emerged. There have 

been numerous investigations that provided insight into what drives An redox processes and 

chemical properties.44,55-57 In spite of these advances, An speciation remains difficult to grasp. In 

fact, it stands as a grand challenge of the Department of Energy’s Basic Energy Science mission 

to predict and control radionuclides for waste management and separation processes.46 Addressing 

this task requires an understanding of actinide speciation and the solubility, stability, and reactivity 

thereof. Metrical data derived from speciation studies inform thermodynamic databases, 

computational models, and environmental assessments.57  

 

1.3 Warranted Need for Actinide Research  

Despite the demand for metrical data in order to properly inform, model, predict, and 

control the chemical behavior of the actinides in scenarios relevant to nuclear waste management, 
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environmental migration, and materials processing, the current knowledge is limited. A 

fundamental understanding of the actinides has lagged behind the rest of the periodic table, 

particularly in respect to main group and d-block metals. To put such a disparity into context, 

Figure 1.3 tallies the total number of structures (1,037,870 structures) published in the Cambridge 

Structural Database (CSD version 5.41; Nov. 2019). Of the total, the amount of crystal structures 

containing an actinide (8,750 structures) is dwarfed, for example, by the lanthanides (43,058 

structures) and d-block metals (Pt=22,302 structures).58 Even further is the discrepancy in the 

amount of structures reported for the synthetic actinides compared to those that are naturally 

occurring, with the vast number of crystal structures owned to uranium and thorium (Figure 1.3). 

This is in part an outcome of their relationship to nuclear weapons and the stigma that comes with 

that tie, but is also because of their radioactivity, the few facilities able to handle radionuclides 

safely, and the limited quantities of the material, which consequently impede many 

characterization techniques. However, in the past decade, there has been a renewed interest in the 

radioactive elements.59-60 Facilities like Oak Ridge National Laboratory are producing exotic 

isotopes in mg quantities for research and development, like berkelium and californium. 

Additionally, recent advancements in characterization methods provide opportunities to overcome 

small material quantities. 
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Figure 1.3 Statistics from the Cambridge Structural Database (CSD) illustrating the lack of 
reported actinide crystal structures. [Top] A breakdown of the total number of crystal structures 
in the CSD (version 5.41; Nov 2019) and portions of that total that are accounted by d-block metals 
(Cu, Pt), the lanthanides, and the actinides. [Bottom] A breakdown of the reported actinide crystal 
structures by element, highlighting the dominance of thorium and uranium research. Bottom 
adapted from Arnold et al.61   
 

X-ray absorption spectroscopy (XAS) can now offer trace-level detection to probe milligram or 

lower quantities of precious actinides like actinium.62 If enough material is accessible to grow 

single crystals, notable developments in single crystal X-ray diffraction have permitted molecular 

structure determination for many actinide compounds that were previously only characterized by 
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powder X-ray diffraction.63 Theoreticians can now more accurately model actinide systems with 

ab initio wave-functions that capture relativistic effects.64 Coupled with the recognition of the 

aging workforce tasked to upkeep our nuclear arsenal and nuclear power plants,60,65 research 

thrusts for the development of medical radioisotopes for disease treatments,66 and the need to clean 

up the poorly managed nuclear waste from the WWII and Cold War eras,46,67 investment into 

actinide research has seen new light. It is not an easy task, as the actinide community has, in a 

sense, had to back-track from the impressive scientific achievements of the Manhattan Project to 

a much more fundamental level. Efforts towards an understanding of the basic properties and 

chemical complexities of these elements, however, is vital to clean up nuclear waste from the past 

and strive for innovative applications and technological advancements in the future.  

 

1.4 Fundamentals of the Actinide Series  

 Despite the slow progression to grasp the chemistry of the actinides compared to the rest 

of the periodic table, many fundamental properties are known. The actinide series refer to the 

fifteen elements of the periodic table with atomic numbers 89–103 (Figure 1.1). The An elements 

are all radioactive, display sizable ranges of coordination numbers and geometries, and exhibit 

large ionic radii.55 They are unified by the successive filling of the 5f electron shell, although 

actinium (Ac) and thorium (Th) do not possess any f electrons. All the actinides in the series are 

considered to be a part of the 5f block with the exception of Ac and lawrencium (Lr), yet all 15 

elements have historically been grouped together and are recognized as so by the International 

Union of Pure and Applied Chemistry (IUPAC). While they are generally categorized together 

and, in many cases possess similar properties, the series is quite diverse.  
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1.4.1 Oxidation States of the Actinides  

The Ans exhibit a wide range of oxidation states as shown in Table 1.1, with the most 

common highlighted in red. The number of accessible oxidations state increases for the early 

actinides as one transverses the series, coinciding with the 7s, 6d, and 5f electrons that can be 

removed from the valence orbitals.  

Table 1.1 Accessible oxidation states of An elements under all conditions.  

 
*The most common oxidation states are highlighted in red. Valence electrons add to a radon core, [Rn]: 
1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 4f14 5s2 5p6 5d10 6s2 6p6. Adapted from Maher and Brown.54 
Additional support provided by Lanthanide and Actinide Chemistry.55    

 

The chemical behavior of the lighter actinides, therefore, has commonalities with d-metals (like 

many oxidation states) that was the initial premise for grouping the actinides with the transition 

metals on the periodic table.55 The heavier actinides have historically been viewed as lanthanide-

like, largely found in the +3 oxidation state. Np and Pu exists as a transition between the heavy 

and light actinides. An understanding of the atomic orbitals can be used to describe this almost 

stepwise change in physical properties that occurs across the series. Of the outer-most reaching 
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atomic orbitals, the 6d and 5f are nearly degenerate for the early actinides. For Ac and Th, the 6d 

energy levels are slightly lower as is demonstrated by the ground state electron configurations 

wherein the d orbitals are filled before the f (Th=[Rn]6d27s2). Near degeneracy of these atomic 

orbitals promote many oxidations states and complex chemistries. As one progresses across the 

series, an increase in atomic number is coupled with a concomitant increase in effective nuclear 

charge. As such, the 5f orbitals stabilize and thereby lower their energy levels while the 6d levels 

largely maintain degeneracy. Upon reaching Pu, the 5f orbitals are preferentially filled over 6d that 

affords rich redox chemistry, distinct colors between oxidation states, and small reduction 

potentials (~1 V between each reduction/oxidation from +3 to +6) as shown in Figure 1.4.  

 

Figure 1.4 The rich redox chemistry of plutonium. (a) The characteristic colors of each 
oxidation state as the aquo ions. (b) The formal redox potentials of selected couples vs. standard 
hydrogen electrode (SHE) at 25 ºC. Both (a) and (b) were collected in perchlorate solutions (1 M). 
The image in (a) is from Clark.68 (b) is adapted from The Chemistry of the Actinides and 
Transactinides.69 
 
Subsequently, 5f orbitals are imperfectly shielded with the increasing effective nuclear charge as 

the orbitals are filled, which causes them to contract, triggering the phenomenon known as the 

actinide contraction – a decreasing ionic radius with an increase in atomic number across the 

actinide series.  



 14 

Another important consideration for the differing properties of the actinides is relativistic 

effects.70 Two types of relativistic effects are considered to contribute to the differing properties 

of the An elements.64 The first, known as scalar relativistic effects, has to do with the mass increase 

of the inner-most electrons that is prominent in heavy metals and a function of the electron 

velocity. The second is due to spin-orbit interactions. Both relativistic effects can impact the 

properties of the actinides by contracting their inner core electrons, shielding the effective nuclear 

charge, and yielding radial expansion of the f and d orbitals.71 Accordingly, the 5f electrons can 

engage in chemical bonding more readily, a characteristic that is not accurately captured in models 

with non-relativistic effects and thereby demonstrate the importance of including this phenomenon 

in discussions of theoretical models, actinide electronic structure, and bonding.  

The increasing effective nuclear charge, actinide contraction, and relativistic effects across 

the actinide series manifest “breaks” in periodicity, despite common oxidation states. Periodic 

breaks are evidenced by many systems and have been proposed at protactinium,72 and between 

plutonium/americium73-74 and curium/californium.75-77 Rooted in both experimental and 

computational evidence, these studies demonstrate the complexities of the actinides. Despite the 

diversity of individual Ans and corresponding oxidation states, periodicity is still often observed 

across the series, akin to that commonly witnessed in the lanthanide series.  

1.4.2 Coordination Chemistry of the Actinides 

The coordination chemistries of the actinide elements are diverse as these elements can 

adopt a large range of coordination numbers from 2–12, with most complexes observed between 

6–10. The actinide contraction plays a large role in the coordination number, illustrated by the 

decrease in coordination number of the aquo ions, An(H2O)xn+,  and shortening of the An–OH2O 

bond across the series, coinciding with a decrease in ionic radii. Interestingly, aquo ion identities 
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for most metal ions have been established for decades, yet as is true in many other areas, the 

actinide aquo ions have been slow to be determined. In fact, the structure of the Ac aquo ion was 

identified recently in 2017, wherein approximately 10.9 ±	0.5 water molecules at an average Ac–

OH2O distance of 2.63(1) Å were experimentally observed in the inner Ac coordination sphere by 

Ac L3-edge X-ray absorption fine structure (XAFS) spectroscopy.78 Experimental results were in 

reasonable agreement with MD-DFT calculations that demonstrated 9 water molecules at a 

distance of 2.689 ±	0.11 Å. In moving towards the later +3 actinides, computational and solution 

studies have investigated the aquo ions for U–Cf.79-85 Solid-state crystallizations of the aquo ions 

charge-balanced by triflate, [An(H2O)9][CF3SO3]3 (An=U–Cm, Cf), were also demonstrated86-87 

that highlighted the general trend of decreasing An–OH2O bond lengths across the series. The +4 

actinide aquo ions, on the other hand, are not well characterized in the solid-state with the 

exception of thorium, wherein the crystallization of the 10-coordinate aquo ion of ThIV precipitated 

from hydrobromic acid solution; [Th(H2O)10]Br4.88 The higher Lewis acidity of the tetravalent An 

elements along with their tendency to hydrolyze under aqueous conditions have inhibited other 

solid-state observations to be realized.57 However, extended X-ray absorption fine structure 

(EXAFS) spectroscopy has been used to probe the aqueous solution behavior of AnIV ions, 

mirroring the +3 actinides with observations of decreasing coordination number and An–OH2O 

bond lengths.57,89-90 Higher oxidation states lack the same diversity in coordination numbers as 

seen in their +3 and +4 congeners due to the presence, and therefore restriction, of the actinyl with 

[AnO2(H2O)5]2+ predominantly observed for UVI, NpVI, and PuVI.55 More complex ligand systems 

in solid-state investigations of An coordination complexes have been employed; for example, 

acetylacetonates,91 thiocyanates,92 hydroxypyridinones,21 crown-ethers,93 diphenyl-

bis(pyrazolylborate) derivatives,94 etc. In many cases, periodicity was observed across the series. 
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However, coordination compounds have largely focused on naturally abundant thorium and 

uranium, demonstrated in the disproportional number of Th and U crystal structures in the CSD 

(Figure 1.3) compared to the other An elements. For U, a further disparity is seen between the 

amount of structures of hexavalent U vs. tetravalent U; UVI coordination chemistry is magnitudes 

above that of UIV despite the ease in accessing both oxidation states.95 In water and under ambient 

conditions, UVI is most stable, with UIV readily oxidizing to UVI and adopting the UVIO22+ moiety 

that is typical of hexavalent uranium.        

Briefly, the actinyl, or rather the linear, triatomic cation is widely observed in the 

pentavalent and hexavalent chemistries of the actinides. AnVIO22+ and AnVO2+ have short An–Oyl 

bonds, typically between 1.7–1.9 Å,95 and are mainly considered to be chemically inert with the 

expectation of cation-cation interactions common in NpV.96 Therefore, the coordination of 

pentavalent and hexavalent actinides typically only exists in the equatorial plane to form square, 

pentagonal, or hexagonal bipyramid geometries. Despite these coordination constraints, the 

structural chemistry of the pentavalent and hexavalent chemistry is extensive, ranging from 

molecular complexes to coordination polymers assembled with a variety of ligands.97-100 

Furthermore, NpV and UVI were found to react with peroxide to assemble into actinyl-peroxide 

nanoclusters clusters101 that have produced a giant family of differing sizes and topologies, mostly 

for U.102 Researchers are also motivated by An-mediated reactivity,103-105 actinide–ligand multiple 

bonding,106 understanding the disproportionation of uranium,107-108 and discovering new oxidation 

states, all of which are supported by coordination chemistry studies.109-110  

In stark contrast to pentavalent and hexavalent chemistry, the trivalent and tetravalent 

actinides adopt spherical coordination geometries and consequently possess much different 
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chemical behavior than their actinyl counter-parts. A more in-depth explanation of their 

coordination chemistries, which is intimately tied to their behavior in water, is discussed in Ch. 2. 

1.4.3 Covalency of the Actinides   

The existence and extent of actinide covalency has been fiercely debated since Glenn 

Seaborg first proposed covalency from the 5f orbitals as a hypothesis that contributed to the 

different behavior observed for AmIII in chloride media.111 Revealing the nature of actinide 

bonding not only provides fundamental understanding of these elements, but also yields important 

strategies for difficult separation processes. The foundation of covalency in the actinide series 

spurs from the greater radial extent of the 5f orbitals compared to the 4f orbitals in the lanthanides 

(Figure 1.5) and the greater impact of relativistic effects that delocalize the f orbitals.64,71 The 4f 

orbitals in lanthanides are contracted and therefore are not believed to participate in bonding to an 

appreciable extent. This is manifested not only in the stability of the +3 oxidation state across the 

series, but also the unperturbed Ln narrow-line emissions regardless of a ligand field.112 Do the 

An elements behave like the neighboring Ln elements? Many have sought to address this decades-

old question.71 In particular, the combination of X-ray absorption spectroscopy (XAS) and time-

dependent density functional theory (TDDFT) addresses this challenge from an interdisciplinary 

perspective;113 ligand K-edge XAS can directly probe metal–ligand covalency.114 In doing so, 

researchers have proposed two types of actinide covalency; (1) orbital overlap covalency71 and (2) 

energy-degeneracy-driven covalency.115  On another note, dipicolinates and borates with heavier 

actinides were proposed to participate in more significant covalent interactions than lighter 

actinides.75,116-117 Overall, the field continues to actively research different types of covalent 

mixing with the aim to engineer more selective actinide ligands for separations and extractions.   



 18 

 
Figure 1.5 Radial extent of valence electrons for Sm3+ and Pu3+. Of note is the greater extension 
of the An 5f orbitals compared to the Ln 4f orbitals. Adapted from Clark.68 
 

1.4.4. Spectroscopic Properties of the Actinides  

The electronic spectra of the An elements are dominated by f–f transitions, especially for 

the trivalent and tetravalent ions. Unlike the lanthanides, An transitions are more sensitive to ligand 

fields due to the greater radial extension of the 5f orbitals and potential for covalency.55 Therefore, 

the spectroscopic signatures of An compounds can shift in position and intensity. Notably, the 

octahedral coordination geometry is known to causing splitting of AnIV f–f transitions due to crystal 

field effects, displayed in the absorption spectra of UCl62– vs. UIV(aq), providing support that ligands 

play more of a role in the spectroscopic properties of the An elements.118  
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CHAPTER 2: ACTINIDE AQUEOUS SPECIATION 

The aqueous chemistry of the actinides is critical for all relevant An technologies, such as in 

separations, large-scale processing operations, and in nuclear waste (Section 1.2). In addition, there 

have been anthropogenic releases of Ans to the environment due to nuclear accidents and nuclear 

weapons testing, mining, and past disposal strategies. Collectively, past contamination and the 

need to safely dispose of the growing inventory of nuclear waste warrants an investigation into 

how these radionuclides transform and migrate in the environment. Recent studies have shown an 

unexpected mobility of tetravalent actinides in natural systems,119 which underscores the 

complicated behavior of actinides in environmental systems that have posed great challenges to 

remediate cleanup sites. Highlighting those complexities are the many processes that dictate An 

environmental behavior, including precipitation/dissolution, complexation, sorption, and colloid 

formation.56 Others include bioavailability and redox chemistry.120  

In order to address this challenge, there is a pressing need to advance the fundamental 

understanding of the factors that govern An aqueous speciation in order to accurately predict and 

control radionuclides for waste management, separations and processing, and environmental 

mitigation. Several factors that influence the complexes and clusters that form and precipitate from 

water are well established, including solution conditions (e.g. temperature, pH, ionic strength), An 

oxidation state, hydrolysis and condensation chemistries, and ligand complexation.57 A relatively 

unexplored area is the influence of the second coordination sphere, yet recent examples have 

highlighted the need to consider this factor when seeking to understand An aqueous speciation.    
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2.1 Oxidation State 

The first and arguably most important characteristic that will govern An speciation is 

oxidation state. Although discussed in Section 1.4.1–1.4.2, the current section will focus on the 

oxidation state as it pertains to the speciation of the early Ans under aqueous conditions. The redox 

chemistry of the early An elements in water is rich, lending a hand to the difficulties in maintaining 

oxidation state purity. Although Th exists almost invariably as +4 under aqueous conditions, the 

successive filling of the 5f orbitals lead to many accessible oxidation states for U, Np, and Pu. 

Notably, Pu can exist as PuIII, PuIV, PuV, and PuVI simultaneously in aqueous media with redox 

potentials all around 1.0 V between Pu oxidation states (Figure 1.4).69 Uranium, albeit less 

challenging, can adopt both UVI and UIV. With many redox states available, differences in the 

speciation of the complexes that form in solution and are stable will arise. Take, for instance, UVI 

and UIV. As seen in Figure 2.1a the coordination of UVI will almost always adopt the UO22+ 

triatomic unit (uranyl) in water, thereby limiting ligand coordination to the equatorial plane. 

Restriction of the uranyl will cause drastically different complexation compared to the much more 

spherical UIV coordination chemistry (Figure 2.1b). The physical properties that then manifest 

from these different oxidation states include properties like Lewis acidity, ligand complexation 

constants, and solubility.121 As such, the chemical behavior of U, and more broadly the An series, 

is dependent upon on the oxidation state.  

 The tetravalent oxidation state in particular is common and accessible in water for the 

early actinides, yet this oxidation state has been historically underexplored. Consider uranium, 

which can exist as both UVI and UIV in water, yet the vast majority of uranium research has focused 

on the hexavalent oxidation state. This disparity is owed to many factors: there is ease in working 

with UVI given its stability in air and aqueous media; UVI compounds possess luminescent 
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properties; the solubility, and therefore mobility, of UVI is excepted under environmental 

conditions. In contrast, UIV will oxidize in ambient or aqueous conditions and was largely thought 

to precipitate in natural systems. However, it has not only been shown that UIV can exist in aqueous 

laboratory conditions,122-123 but can also be found in natural systems through reducing conditions 

(e.g. geological repositories) or microbial reduction.54,124  Consequently, inaccurate models exist 

that are used to predict and control not only uranium, but other radionuclides as well.57  

 
Figure 2.1 The coordination sphere of uranium under aqueous conditions in the (a) 
hexavalent oxidation state and (b) the tetravalent oxidation state. The coordination chemistry 
is largely impacted by the presence (UVI) or absence (UIV) of the uranyl (UO22+) unit. Note: the 
[UVIO2(H2O)5]2+ structural unit is largely accepted to be the UVI aquo ion, observed both in solution 
and the solid-state.55 On the contrary, the UIV aquo ion has yet to be crystallized in the solid-state. 
Although [UIV(H2O)9]4+ is shown, a range of coordination numbers in solution have been reported, 
typically accepted between 8–10.57         
 

Two arenas wherein this knowledge gap has been especially detrimental are in Pu 

processing and the modeling of An environmental behavior. Spent nuclear fuel separations and 

other technologies rely on a sound understanding of An aqueous behavior.68 On another note, as a 

consequence of anthropogenic releases of Ans to the environment, recent studies have shown an 
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unexpected mobility of tetravalent actinides in natural systems, particularly with Pu.52-53,119,125 Two 

transport mechanisms were proposed to account for radionuclide migration that was much further 

than current models predicted; (1) association with organic colloidal phases, also known as 

pseudo-colloids and/or (2) mobility as intrinsic colloids, or rather, An oxide nanoparticles.53 

Although there are models that account for colloid-facilitated An transport, our knowledge is still 

in its infancy.125 Both of these challenges are connected to the hydrolyzed products that form in 

water, and their chemistries will be discussed in more detail in the next section. Nonetheless, a 

warranted investment to develop an understanding of the +4 oxidation state has surfaced. To this 

aim, the main focus of this work will feature the early tetravalent actinides (Ch. 4–7). Although 

less emphasized in this work, the +3 oxidation state of the early actinides is similarly, and perhaps 

even more so, underexplored and will be discussed in Ch. 8.  

 

2.2 Hydrolysis and Condensation 

 In addition to oxidation state, two of the most important considerations, albeit two of the 

most poorly understood reactions, that occur in water are hydrolysis and condensation. Under 

aqueous conditions, the actinides and other metals (M) form An–aquo complexes that can 

hydrolyze, as shown in Equation 2.1.  

[M(OH2)m]n+  →  [M(OH2)m–h(OH)h](n–h)+ + hH+     (Equation 2.1) 

The degree of hydrolysis is dependent on many factors, such as Lewis acidity and solution 

conditions (e.g. temperature, pH), evidenced by the multiple hydrolysis products that can exist at 

one time in equilibria.57 Upon hydrolysis, metal species can condense to yield larger order 

oligomers via two established mechanisms: olation (Equation 2.2) or oxolation (Equation 2.3).      
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[M(OH2)m–h(OH)h](n–h)+ + [M(OH2)x]y+  → 

[M(OH2)m–h(𝜇–OH)hM(OH2)x–z][(n–h) + (y–z)]+ + zH2O  (Equation 2.2) 

 

[M(OH2)m–h(OH)h](n–h)+ +  [M(OH2)a–c(OH)c](b–c)+  →                                                               

[M(OH2)m–h(𝜇–O)hM(OH2)a–c][(n–h) + (b–c)]+ + cH2O                  (Equation 2.3) 

Olation, or the mechanism that combines one hydrolyzed species and one metal aquo ion, produces 

hydroxo-bridged products with the release of water. Oxolation reacts two hydrolysis products to 

form an oxo-bridged dimer along with the release of water. The route of either olation or oxolation 

is directed, in part, by hard-soft acid base theory, or metal ion hardness, and charge. Actinides in 

lower oxidation states (+3 and +4) are thought to undergo olation, and although there are higher 

valent ions (+5, +6, +7), they exist as AnO22+ (An=Np/PuV/VI) or AnO4– species (An=Np/PuVII) 

and therefore behave like low-valent ions, condensing via olation.57 However, isolation of An 

oligomers like an PuIV oxo-bridged dimer126 and Pu38 nanoclusters127-128 that only possess oxo-

bridges have called the established understanding of Pu condensation into question. These data 

strongly favor the mechanism of oxolation for PuIV.        

 The likelihood for a metal ion to undergo hydrolysis and condensation trends with Lewis 

acidity: An4+ > AnO22+ ≈ An3+ > AnO2+.5 These reactions will drive small molecular complexes 

into larger order oligomers, arriving eventually at the metal oxide, AnO2. Colloids are nanometer-

sized particles of AnO2 whose chemistries and physical properties differ from their corresponding 

molecular complexes.52 As an example, Pu can hydrolyze at pH values as low as 1 to form colloids 

otherwise known as Pu polymer, and therefore manipulating Pu under aqueous conditions can be 

quite challenging.69 In fact, the formation of Pu polymer and the lack of understanding of its 
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chemistry was a large reason as to why Pu processing operates in high acidities.68 Colloid-

facilitated An transport, as previously discussed, is also the reason behind unexpected 

environmental migration.119 By studying the synthesis and physical properties of large An clusters 

that form in aqueous media, we can advance our fundamental understanding of these important 

reactions. To guide Pu cluster chemistry, cerium (Ce) can be used as a non-radioactive surrogate, 

discussed in Ch. 9.  

 A collection of AnIV (An=Th–Pu) polynuclear species derived from hydrolysis and 

condensation reactions have been isolated, studied, and reviewed,57,102 and serve as structural 

snapshots of the bulk AnO2 capped with inorganic or organic ligands on the cluster surface. 

Motivations behind pursuing them in the solid-state relates back to the lack of metrical data needed 

to build theoretical modeling to accurately predict and control these unruly species. For the sake 

of brevity and in line with the elements that are presented in this work, representative examples of 

ThIV, UIV, and PuIV polynuclear species have been provided in Table 2.1. 

Table 2.1 Survey of representative tetravalent clusters of Th, U, and Pu formed through 
hydrolysis and condensation.  

Compounda Nucle-
arity CN 

# of 
H2O 
Lig-
ands 

# of 
Hyd-
roxo 
Lig-
ands/ 
Type 

# of 
Oxo 

Ligand
s/ 

Type 

# of Other 
Ligands/ 

Type 
Structural Unit Ref 

[Th2(OH)2Cl2(H2O)12] 

Cl4∙2H2O  
dimer 9 6 2 𝜇2–

OH - 1 Cl–  [Th2(OH)2]6+ 129 

[Th3(O)(btc)3(OH)(H2

O)2]·2.9DMF·1.5H2O  trimer 10 2 1 𝜇2–
OH 1 𝜇3–O 3–COO– [Th3O]10+ 130 

[Th4Cl8(O)(EO4)3]       
·3CH3CN tetramer 8/9 - - 1 𝜇4–O 7/8 Cl–; 

alkox [Th4O]14+ 131 

Th6(OH)4(O)4(H2O)6 

(HCO2)12]·nH2O 
hexamer 9 1 2 𝜇3–

OH 2 𝜇3–O 4–CO2H– [Th6(OH)4O4]12+ 132 
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Table 2.1 (cont.)         

Compounda Nucle-
arity CN 

# of 
H2O 
Lig-
ands 

# of 
Hyd-
roxo 
Lig-
ands/ 
Type 

# of 
Oxo 

Ligand
s/ 

Type 

# of Other 
Ligands/ 

Type 
Structural Unit Ref 

[Th8(O)(SP)6(HSP)6 

(H2O)12]·19.5H2O  octamer 9/1
0 0–2 - 1 𝜇2–O 

2–3 SO3R; 
5–6 

AsO3R   
[Th8O13]6+ 133 

[Th10(F)16(O)8(NH3)32]
(NO3)8· 19.6NH3 

decamer 8–
10 - - 

0, 2 
𝜇3–O; 
1–2 
𝜇4–O 

2–4 F–; 2–
4 NH3   

[Th10O8]24+ 134 

[U2(OH)2(H2O)2(mel) dimer 8 1 2 𝜇2–
OH - 5–COO– [U2(OH)2]6+ 123 

Cs4[U3O(SO4)7] 
∙2.2H2O  trimer 9 - - 1 𝜇3–O 8–SO4

2– [U3O]10+ 135 

[U4Cl10O2(THF)6        

(2-FA)2]∙2THF 
tetramer 7/8 - - 1–2 

𝜇3–O 

2, 5 Cl–; 
1–2 THF; 
2–COO– 

[U4(O)2]12+ 136 

[U6(OH)4(O)4(H2O)6 

(HGly)12]∙12Cl∙12H2O hexamer 9 1 2 𝜇3–
OH 2 𝜇3–O 4–CO2R [U6(OH)4O4]12+ 122 

[Fe(C14H17N)(C14H16 

N)]2[U8 Cl24O4 

(cp*py)2]∙4CH2Cl2 

octamer 7 - - 2 𝜇3–O Cl–; cp*py [U8O4]24+ 137 

[U10(OH)6(O)8(PhCO2

)14I4(H2O)2(MeCN)2]  decamer 8/1
0 0–1  6 𝜇3–

OH 

6 𝜇3–
O; 2 
𝜇4–O 

PhCO2; I–; 
MeCN [U10(OH)6O8]18+ 138 

[U12(OH)8O12I2(OTf)16

(MeCN)8]⋅2CH3CN     
⋅2H2O 

12mer 8/9 - 2 𝜇3–
OH 

2–4 
𝜇3–O 

2, 4 OTf; 
1 MeCN; 

1 I– 
[U12O20]16+ 139 

K4[U13(OH)4O12 

(PhCO2)12 Cl14]⋅2Cl  13mer 7/8 - 
0–2 
𝜇3–
OH 

2–3; 8 
𝜇3–O 

0–2 Cl–; 
0–2, 4 
CO2R      

[U13(OH)4O12]24+ 140 

{[K(MeCN)]2 

[U16(OH)2O22 

(C6H5COO)24]} 
⋅4MeCN  

16mer 7/8 - 
0–1 
𝜇3–
OH 

2–4 
𝜇3–O; 
0–3 
𝜇4–O 

1, 3–4 
CO2R      [U16(OH)2O22]18+ 138 
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Table 2.1 (cont.)         

Compounda Nucle-
arity CN 

# of 
H2O 
Lig-
ands 

# of 
Hyd-
roxo 
Lig-
ands/ 
Type 

# of 
Oxo 

Ligand
s/ 

Type 

# of Other 
Ligands/ 

Type 
Structural Unit Ref 

[U24(OH)2O30 

(PhCOO)30(Py)4 Cl4]  24mer 8/9 - 
0–1 
𝜇3–
OH 

0, 2 
𝜇3–O; 
2, 4, 8 
𝜇4–O 

0–4 
CO2R; 0–
2 Cl–; 0–1 

Py      

[U24(OH)2O30]34+ 140 

U38O56Cl18(THF)8(bz)2

4⋅8THF 38mer 8–
10 - - 

0, 2–3  
𝜇3–O; 
2, 4, 8 
𝜇4–O 

0, 2, 4 
CO2R; 0–
1 THF; 0–

3 Cl–       

[U38O56]40+ 141 

K4[Pu2OCl4(NO3)6] 
⋅H2O dimer 9 - - 1 𝜇2–O 3 NO3

–, 2 
Cl– [Pu2O]6+ 142 

Li6[Pu6(OH)4O4(H2O)6

(HGly)12]Cl18 

·10.5H2O 

hexamer 9 1 2 𝜇3–
OH 2 𝜇3–O 4–CO2R [Pu6(OH)4O4]12+ 143 

Nax[Pu16O19(OH)4Cl18 

(OH)(H2O)21]·12H2O 16mer 8 1–2 
0–1 
𝜇2–
OH 

1, 4 
𝜇4–O; 
3 𝜇3–O 

0–2  𝜇2–
Cl; 0–1 

Cl– 
[Pu16(OH)4O19]22+ 144 

K6[Pu22O28(OH)4Cl30 

(H2O)18]·6H2O·Cl4 
22mer 8 0–2 

0–1 
𝜇3–
OH 

1, 2, 4 
𝜇4–O; 

2–3 
𝜇3–O 

0–1 𝜇3 Cl; 
0–2  𝜇2–
Cl; 0–1 

Cl– 

[Pu22(OH)4O28]28+ 144 

Li2[Pu38O56Cl42 

(H2O)20]·15H2O 38mer 8 0–1  - 

2, 4, 8 
𝜇4–O; 
2–3 
𝜇3–O 

0–1 𝜇4 Cl; 
0, 2  𝜇2–
Cl; 0–1 

Cl– 

[Pu38O56]40+ 128 

*Examples span nuclearities, from smaller order dimeric species to the largest nanoclusters, that have been 
reported for each An cation. Adapted from Knope and Soderholm.57 a btc=1,3,5-benzenetricarboxylate; 
EO4=tetraethylene glycolate; SP=o-sulfo-phenylarsonate; mel=mellitate; 2-FA=2-furoate; Gly=glycine; 
cp*py=tetramethyl-5-(2-pyridyl)cyclopentadiene; bz=benzoate; Py=pyridine. 
 
Importantly, the examples span many nuclearities, inclusive of the smallest hydrolysis product 

known up to the largest clusters reported to date for each metal ion. It should be noted that a 

number of these clusters are stabilized and/or capped with diverse ligand sets; the competitive 
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mechanisms between ligand complexation and hydrolysis/condensation chemistries are critical for 

the assembly, stabilization, and crystallization of these clusters (discussed in Section 2.3). 

Thorium is the largest of the +4 actinides and therefore least Lewis acidic, yet still presents 

fairly extensive hydrolysis and condensation chemistry that has historically complicated an 

understanding of its aqueous behavior and resulted in large discrepancies in thermodynamic 

data.145 Dimers,129,146-149 trimers,130,150-152 tetramers,131 hexamers,132,153-158 octamers,133,159 and a 

decamer134 have been reported, with the hexanuclear [Th6(OH)4O4]12+ unit being the most common 

(Table 2.1).   

Owed to the increased Lewis acidity and material availability, the majority of tetravalent 

hydroxo/oxo clusters have been reported for U. Many oligomers are captured in coordination 

polymers and 3D frameworks with organic linkers. Nonetheless, the range of clusters covers an 

assortment of nuclearities from dimers123,160 to octatriaconta(38)-nuclear136,140-141,161 species. In 

between are tri-,135,162 tetra-,151,163 hexa-,122,136,139,157-158,163-167 octa-,137 deca-,138 dodeca-,139 trideca-

,31 hexadeca-,138 and tetracosa-nuclear140 oligomers. Consistent with Th, the [U6(OH)4O4]12+ unit 

is the most prevalent (Table 2.1). Many of the UIV clusters that have been reported are a result of 

accidental oxidation of organometallic UIII compounds.57  

The most hydrolysable and least explored +4 early An, Pu, only has a handful of 

polynuclear clusters isolated in the solid-state (Table 2.1). Of the 192 Pu structures reported in the 

CSD, only 4 are polynuclear species formed through hydrolysis; the majority of structures are 

actually presented in the Inorganic Crystallographic Structural Database (ICSD) and therefore do 

not contain a C–H or C–C bonds. Di-,142,168 hexa-,143,166,169 hexadeca-,144 docosa-,144 octatriaconta-

nuclear127-128,144 clusters are published. In contrast to Th and U, Pu the highest number of unique 

polynuclear cluster reported to date for Pu is the 38mer. Importantly, these Pu38 clusters all hold 
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chloride and water capping ligands charge-balanced by alkali metal cations, A+ (A=Li, Na). The 

Cl–:H2O ligand ratios differ between the 38mers, highlighting surface lability of these nanoclusters 

that can have important implications in controlling separations and understanding their 

environmental fate.128 

 

2.3 Ligand Complexation 

 Complexing ligands have also been shown to impact speciation. Consider relevant systems 

in the environment and in a chemical separation, wherein ligands – from simple mono- or di-anions 

like chloride (Cl–) or sulfate (SO42–) to very complex organic species like humic acid – exist. In 

particular, complexation of actinides by carboxylates has received considerable interest98,100,170-172 

with ties to natural systems and industrial extraction processes.54,173 Traditionally, ligands have 

been understood to limit or thwart hydrolysis and condensation reactions demonstrated, for 

example, with ThIV and glycine solution studies.174 In the solid-state, competitive mechanisms 

between ligand complexation and hydrolysis/condensation reactions have been shown in ThIV-

furoate systems, wherein a ligand-bridged Th-furoate dimer was stable until just below a pH of 

6.175 Not only is a ligand-bridged dimer rare in the coordination chemistry of ThIV, but the 

structural unit also exemplified impressive stability under conditions (i.e. increasing temperature 

and pH) expected to yield hydrolysis and condensation products. Furthermore, the large catalog of 

ligand-decorated An-oxo/hydroxo clusters prevalent in the aqueous speciation of tetravalent Ans 

illuminate coinciding mechanisms of hydrolysis/condensation alongside ligand complexation. In 

particular, the hexameric cluster core, [An6(OH)4O4]12+, is widely cited for the early AnIV ions, 

Th–Pu, decorated by numerous complexing ligands like hydroxybenzoate,157 furoate,136 

glycine,122,143 formate,158,176 acetate,132 DOTA,166 sulfate,135,165 sulfonate,162  triflate,139 and 
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terephthalate142,167,177 that span dimensions from molecular units to 3D metal organic frameworks 

(MOFs).57 Furthermore, ligands have been shown to “trap” polynuclear structural units that are 

relatively rare in polynuclear An cluster chemistry.178 

 Although many ligand sets have been explored, the role of ligands in the formation and 

stability of An complexes and/or clusters remains ambiguous. Rather, whereas it has been shown 

that ligand complexation can limit hydrolysis and condensation,174-175 studies have also 

demonstrated a directing effect of ligands to assemble polynuclear species. For example, the 

electrolytic hydrolysis of aqueous ThIV solutions resulted in 𝜇2-dihydroxo-bridged dimeric units; 

upon addition of an simple amino acid (glycine), the dimers were found to rapidly condense into 

hexanuclear clusters decorated with glycine.179 In addition, ligands are being used to modulate 

cluster growth and MOF assemblies.180-181 Specifically, benzoic acid has been routinely cited as a 

reagent in the An cluster literature as a crucial component in the formation of many An38 (An=U, 

Np, Pu) clusters140-141,182-183 and in controlling/modulating the assembly of Th-based MOFs.184  

 

2.4 Outer Coordination Sphere Interactions 

 More recently, outer coordination sphere molecules and ions have likewise been shown to 

influence the identity of An complexes and clusters. Noncovalent interactions from the outer 

sphere were proposed driving forces in the stabilization and crystallization of several 

unprecedented actinide and other metal ion complexes and clusters. First and foremost, an 

understanding of the history and terminology is necessary to put this work into context. 

 Coordination chemistry began with work by Alfred Werner, for which he won a Nobel 

Prize for in 1913. Observations with cobalt(III) chloride and ammonia gave root to the theory of 

coordination complexes.185 The “inner coordination sphere” was made up of a central metal atom 
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that forms bonds with ligands and the “outer coordination sphere” that was not involved in 

bonding. Inner/outer sphere terminology is used throughout this work, although it should be noted 

that the bonding of An coordination complexes is considered to be largely ionic compared to the 

covalent nature of Werner’s cobalt complexes.  

 
 

Figure 2.2 Representation of “inner” and “outer” coordination sphere. The compound 
dipyridinium hexachloridouranium(IV) [(HPy)2)UCl6] is used as an example. [Top] ChemDraw 
depiction of inner (UCl62–) and outer (HPy+) coordination spheres of (HPy)2)UCl6. [Bottom] 
Graphical depiction of inner and outer coordination spheres of (HPy)2)UCl6.     
 
As shown in Figure 2.2, the coordination compound dipyridinium hexachloridouranium(IV) 

[(HPy)2)UCl6] is made up of the inner coordination sphere that consists of UCl62– and the outer 

coordination sphere of two pyridiniums (HPy+). Together, they form a charge-neutral compound. 

It has been generally perceived that the outer coordination sphere, or rather the counter-ions that 

serve as charge-balance, were “spectator” ions and do not influence the composition of the inner 

coordination sphere or the reactivity of the central metal ion. However, counter-ions can engage 
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in a variety of intermolecular, noncovalent forces that can have considerable impact, since 

exploded into field now known as supramolecular chemistry. 

2.4.1 Supramolecular Chemistry   

Termed by Jean-Marie Lehn, the field of supramolecular chemistry is colloquially 

expressed as ‘chemistry beyond the molecule’.186 Nobel Laureate pioneers of the field – Charles 

Pedersen, Donald Cram, and Jean-Marie Lehn – made foundational discoveries and advancements 

regarding the selective binding of molecules with crown ethers and molecular container 

compounds like cryptands and spherands.187-189 The field then expanded into molecular 

recognition wherein synthetic receptor molecules are able to strongly and selectively bind 

substrates, stretching into the organic, inorganic, and biological domains.190 An explosion of this 

field has occurred in the last 30 years, with many important applications and niche areas that rely 

on supramolecular chemistry such as crystal engineering,191 syntheses of porous materials,192 and 

biomolecular assemblies.193 The field continues to reach new heights, with the 2016 Nobel Prize 

awarded for molecular motors based, in part, on supramolecular assemblies and intermolecular 

interactions in molecules like catenanes and rotaxanes.194   

Supramolecular chemistry is built on intermolecular, noncovalent interactions, ranging in 

relative strength and chemical nature (Table 2.2). Although inherently different, noncovalent 

interactions generally fit into a few categories of increasing strengths: van der Waals, hydrophobic 

effects, 𝜋–effects, and electrostatic interactions.87 Electrostatic interactions like hydrogen (H) 

bonding have sizable interaction strengths that are near or sometimes even rival that of metal–

ligand or covalent bonds. Noncovalent interactions are harnessed in applications that cross all 

subjects of chemistry, ranging from organic and inorganic arenas, photochemistry, biological 
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processes, and molecular recognition. Recently, their consideration in the actinide community has 

led to several interesting examples of An speciation and reactivity, described vide infra.    

Table 2.2 Selected covalent and noncovalent interactions and their relative strengths.  

Interaction or Bonding Type Strength (kJ mol–1) 

covalent bond 100–400  
metal–ligand bond 0–400 

hydrogen bond 10–65  
ion–dipole 50–200  

dipole–dipole 5–50  
cation–𝜋 5–80 
𝜋 –𝜋 0–50 

van der Waals forces <5 
hydrophobic effects difficult to assess 

*Adapted from Schenning et al.195 

 
2.4.1.1 Examples in Inorganic Materials  

In addition to the many examples from the organic community (e.g. crystal 

engineering and molecular motors), inorganic chemists have also exploited the power of 

noncovalent interactions to tune reactivity, affect solubility, and isolate unprecedented structures 

of inorganic complexes and clusters. For instance, recent work in reductive rare-earth metal 

chemistry has noted the importance of counter-ion identity in the stabilization of a 

{YbIIN[(SiMe3)2]3}– complex.196 Upon replacement of 2,2,2,-cryptand cation with 18-crown-6, the 

rare YII complex not only could be crystallized, but also exhibited unique reactivity in CO 

reductions. Although the reason behind the importance of the counter-cation is not known, this 

example highlights a strategy to use counter-ions as a tool in isolating and stabilizing 

unprecedented inorganic complexes that exhibit distinct reactivities. Another example includes a 

supramolecular approach that was strategically employed to preferentially crystallized large 

Keggin-type aluminum (Al) clusters.197 The addition of an H-bond donor, 2,6-naphthalene 
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disulfonate (2,6-NDS) not only enabled the isolation of a new Al26 polycation, but also provided 

higher levels of crystallization control. In fluctuating the 2,6-NDS concentration, preferential 

crystallization of an Al13 cluster over the larger Al26 polycation was achieved. Lastly, the solubility 

of large clusters is well established to be dependent on the identity of the alkali metal counter-ion. 

Polyoxometalates (POMs) with alkali metal cations follow two trends that effectively tune their 

precipitation/solubility: (1) normal solubility trend and (2) anomalous solubility trend.198 Beyond 

solubility, electrostatic interactions and other intermolecular forces between the POM and outer 

sphere are crucial to control cluster assembly and ultimately tailor function. 

2.4.1.2 Precedence in An Materials  

More recently, supramolecular interactions have likewise been shown to play an 

important role in the isolation and crystallization of actinide complexes and impact the chemical 

properties thereof. Various types of intermolecular forces have been credited with influencing the 

inner coordination sphere of An complexes. Jin and coworkers correlated the composition and 

structure of different Th–nitrado monomers to the hydration enthalpy of the outer sphere counter-

ion.199 Lower counter-ion hydration enthalpies were found to favor water coordination to the Th 

metal center whereas higher hydration enthalpies touted only nitrate complexation. In uranyl 

hybrid materials, halogen-bonding was ascribed as a method to engage the nominally terminal and 

chemically inert uranyl unit (UO22+).200 Both the presence of a capping ligand and a highly 

polarizable halogen atom were thought to drive interactions with the uranyl. Other illustrations of 

counter-ions or supramolecular interactions leading to unprecedented An topologies have been 

cited, including UIV–sulfate clusters and superatoms135,165, uranyl nanotubes,201 and other uranyl 

hybrid materials.202 
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In addition to influencing the identity of An coordination complexes, counter-ions and 

supramolecular interactions have also been shown to affect the electrochemical and spectroscopic 

properties of the actinides. An impactful and perhaps even surprising study found that the 

electrochemical behavior of neptunium under aqueous conditions shifted based on the electrolyte 

cation identity.203 With Li+ present, typical aqueous Np behavior was observed, with stabilization 

of the +5 oxidation state. However, upon exchange of the counter-ion to tetra-n-alkylammonium 

cations, noncovalent interactions were found to drive NpV/NpVI–Cl complexation and thereby 

stabilize the higher oxidation state of Np (+6). Important implications of this study not only 

provide fundamental insight into the counter-cation’s role in the electrochemical behavior of Ans, 

but can also be applied to An separations processes. Additionally, An spectroscopic properties can 

be affected by noncovalent interactions. Examples of the symmetric actinyl Raman vibrational 

frequency shifting due to H-bonding were reported for uranyl204 and neptunyl205 compounds. 

There is precedence for the influence of noncovalent interactions on An complexation, 

reactivity, and stabilization. In spite of these recent examples, an understanding of the role outer 

coordination sphere molecules and ions play in governing An speciation is still in its infancy, 

particularly when it comes to H-bonding interactions and 𝜋–effects.  

2.4.2 Noncovalent Interactions in this Work  

As intermolecular forces are not as discrete as metal–ligand or covalent bonds, it is 

imperative to establish working definitions of what is considered to be a noncovalent interaction 

(e.g. donor–acceptor distance and angle). There has, in fact, been decades of debate surrounding 

the definition of a H-bond.206 In the context of this dissertation, we have relied on the guidelines 

provided by Steiner207 and Janiak208-209 for H-bonding and 𝜋–effects, respectively. In short, the 

PLATON210 suite was used to analyze the crystallographic information file (CIF) of the crystal 
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structure in question for supramolecular interactions. The output was then further evaluated in the 

context of Steiner and Janiak’s guidelines to verify and classify significant noncovalent 

interactions.     

There are markedly few studies that address An speciation in the presence of H-bond 

donors and aromatic systems capable of 𝜋–interactions. Further, the vast majority of investigations 

have focused on molecular complexes of Th and U, highlighting a need to periodically extend 

studies to not only include synthetic actinides like Pu, but also species of higher nuclearity. To 

address this gap, the work herein will focus on the early An ions, Th, U, and Pu, in the presence 

of H-bond donors with aromatic backbones capable of 𝜋–interactions. If the driving forces behind 

An complex and cluster formation could be better understood, radionuclides have the potential to 

be better controlled and/or manipulated in large scale An-processing efforts and their 

environmental fate more accurately predicted.   

 

2.5 Thesis Goal: Probing the Impact of Noncovalent Interactions on An Speciation  

The presence of outer coordination sphere molecules and ions is ubiquitous in actinide 

technologies, spent nuclear fuel, and in the environment. Recently, the dependence of actinide 

complexation and stability on counter-ion identity has been illustrated in numerous 

investigations,165,199-200,203 warranting their consideration in efforts to predict and control the fate 

of radionuclides for waste management and separation processes. Yet, their role in governing the 

assembly, solubility, and precipitation of actinide complexes and clusters remains unclear, 

particularly under aqueous conditions. As such, a warranted need to understand the role counter-

ions play in governing the aqueous speciation of the actinides has emerged, with emphasis on their 
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potential for noncovalent interactions with actinide species. The goal of this dissertation is to 

address this need, while also exploring periodicity of the early tetravalent actinides.        

2.5.1 System of Study: Actinide Halides 

 Actinide halides are arguable some of the most well studied molecular units of the 5f block 

due to their central role in both the commercial applications of the actinides and the development 

of a fundamental understanding of the chemistries and properties of these elements. Actinide 

fluorides, for example, yield rich structural chemistries211-212 and provide robust synthetic starting 

materials,213-214 with relevance towards nuclear energy.215-216 The synthesis of gaseous uranium 

hexafluoride [UF6(g)] from UO3(s) is a critical step in the manufacturing of the fuel pellets in nuclear 

reactors.55 The content of UF6(g), is mainly 238U so it is enriched to increase the content 235U to 

around 5% from the naturally occurring 0.71% abundance.55 The correct ratio of fissile 235U to 

238U is foundational to achieve the self-sustaining nuclear chain reactions needed to produce 

nuclear energy.  

Actinide chlorides have also long been fundamentally and technologically important. From 

an industrial view-point, a comprehension of the behavior of actinide chlorides is essential for the 

long-term storage of nuclear waste in geological repositories. For example, the WIPP facility in 

Carlsbad, New Mexico stores high-level solid nuclear waste in an underground salt bed. WIPP is 

projected to encapsulate radionuclides due to the impermeability and geological stability of the 

salt formation.217 An chlorides have also been a key player in uncovering covalency in the 

actinides. The Oh−AnCl62−/3– framework (An=Th, U, Np, Pu, Am)115,218-219 serves as a model 

system for understanding the electronic structure and bonding of the An elements and the degree 

of covalency in the 5f and 6d orbitals, for which has been debated for decades.111 On another note, 

the +4 and +6 early An metals regularly adopt the AnIVCl62– and AnVI O2Cl42– motifs despite a wide 
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variety of synthetic methods, ionic strengths, and counter-ions. These structural units have been 

isolated in the solid-state97,99,220-229 and observed in solution.230-231 Their widely cited presence in 

the literature is supplemented by the sizable thermodynamic stability of these complexes.232  

Synthetic An chemistry extensively utilizes An halides as starting materials. Transuranic 

(TRU) reprocessing procedures rely heavily on the formation, precipitation, and dissolution of An 

halides to yield chemically pure stock solutions for transuranic aqueous chemistries.73,233 The 

progression of nonaqueous An efforts has benefited substantially from the development of 

anhydrous An halides starting materials234-236 that have been used to access unprecedented and 

novel organometallic An structures.61,237-238 An bromides and iodides are most commonly used as 

starting materials, but also have implications in geological repositories where these anions have 

been found.239-240  

 The prevalence of An halides merits the exploration of the potential effects of noncovalent 

interactions on the identity of the actinide’s inner coordination sphere, and the stability and 

reactivity thereof. Furthermore, the deployment of an acidic aqueous environment aids in reducing 

the extent of hydrolysis and condensation that often plague an understanding of the actinides in 

water. Therefore, the majority of the systems reported herein were carried out under acidic aqueous 

conditions. Another advantage of being in halide media is the nature of bonding interactions with 

the actinides. Rather, the bonding of actinide halides has historically been considered ionic,55 

although recent work has demonstrated that there is a degree of covalent character.115,218-219 In 

general, though, the relatively weak nature of An–halide bonds offers a flexible systems wherein 

the impact of outer sphere interactions on the composition and stabilization of the actinide 

coordination sphere can be more readily probed. Consider other ligand systems, such as nitrates,241 

carboxylates,98,181 and dipicolinates,117 that are significantly more rigid and possess chelation 
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abilities, thereby inhibiting an observable impact from the comparatively weak noncovalent 

interactions of the outer sphere.    

2.5.2 Systematic Approach: The Use of Structural Chemistrya 

Our approach to address the impact of noncovalent interactions on actinide halides under 

aqueous conditions is rooted in structural chemistry. Specifically, we have focused on the 

structural chemistry of actinide species that form and are stable in aqueous solution or precipitate 

as a solid phase to inform our understanding of actinide behavior. Historically, actinide structural 

chemistry has played a key role in the understanding of actinide bonding, reactivity, electronic 

structure, and periodic trends therein. For example, isomorphism in the compounds ThO2, PaO2, 

UO2, NpO2, PuO2, and AmO2 together with the systematic decrease in ionic radius of the metal 

ions was one of the factors upon which Seaborg formulated the Actinide Concept.43 Since then, 

work in flexible polyborate scaffolds, for example, has highlighted important discontinuities that 

exists not only between the lanthanide and actinide series but also breaks in the structural chemistry 

that occur as one traverses the series.242-243 Importantly, these breaks were not correlated with ionic 

radii alone, but pointed to differences in bonding that occur across the series – this insight 

fundamentally changed how we thought about actinide behavior.244 Structural chemistry likewise 

played an important role in the push away from “surrogate” chemistry as multiple studies 

demonstrated the inability of cerium, for example, to capture the complex chemical behavior of 

plutonium.245-247 Outside of these breaks in chemical periodicity, actinide structural chemistry has 

also provided important insight into the hydrolysis and condensation products of the actinides.57 

For example, plutonium was previously thought to form chemically ill-defined precipitates; 

 
a The majority of this section was adapted with permission from J. N. Wacker, S. Y. Han, A. V. 
Murray, N. A. Vanagas, J. A. Bertke, J. M. Sperling, R. G. Surbella, K. E. Knope, Inorg. Chem. 
2019, 58, 10578-10591. Copyright © 2019 American Chemical Society.   
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however, recent work has established the presence of well-defined PuO2 cluster cores,127-128,144 the 

surface chemistry of which can be used to affect a separation.128 As highlighted by these 

transformative examples, actinide structural chemistry has played an important role in the 

development of the field, our knowledge of the chemical and physical behavior of these elements, 

and the establishment of periodic trends with which we can better predict and control the chemical 

fate of the actinides, in addition to understanding the outer sphere forces that may compete or 

fortify such trends.  

2.5.3 Exploring Periodicity  

Coupled with structural chemistry, the systematic study of periodic trends or observation 

of periodic breaks across the series provide fundamental insight into the actinide elements. 

Periodicity enabled the discovery of new oxidation states for U–Pu110,248-249 and many times 

qualified less-radioactive or non-radioactive systems to be extended to transuranic elements 

through surrogate chemistry. Furthermore, consider the changing energies of the 5f orbitals along 

with the varying influence of relativistic effects. Slight changes in the electronic structure can 

manifest profound changes in the accessible oxidation states, metal–ligand bonding, and overall 

chemical behavior, particularly for the early actinides. 

Given the importance of periodicity, it should be noted that there are noticeably few studies 

that address An periodicity in the context of outer coordination sphere interactions. Further, the 

vast majority of investigations have focused on molecular complexes of Th and U individually, 

highlighting a need to periodically extend studies to include the middle to heavy actinides. To 

address this gap, the work herein will focus on the early An ions, Th, U, and Pu. 
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2.5.4 Experimental Techniques Paired with Computational Support 

The strategy behind elucidating the structural chemistry of actinide halides, and influence 

of supramolecular interactions thereon, is rooted in single crystal X-ray diffraction studies to reveal 

molecular structure. Further, powder X-ray diffraction (PXRD) confirmed that the single crystals 

used in structure determination were representative of the bulk product. Many techniques can 

afford correlation between the species that existed in solution with those that precipitated in the 

solid-state;250 herein electronic absorption spectroscopy (UV–vis–NIR) and small angle X-ray 

scattering (SAXS) were employed. The vibrational properties of isolated compounds were probed 

with Raman and infrared (IR) spectroscopies. When necessary, X-ray absorption spectroscopy 

(XAS) aided in oxidation state assignments of the metal cations. Computational calculations were 

occasionally pursued to understand the energetic landscape of the complexes that formed; 

theoretical efforts granted information that could not have been provided by experiments alone.    

The systems presented in this work demonstrate rich structural chemistries that highlight 

the interplay between non-bonding interactions from the outer coordination sphere and dependence 

on actinide identity, leading to a wide variety of molecular complexes and clusters.  

 

2.6 Dissertation Outlook  

 The goal of the work in this dissertation is to develop an understanding of the chemical 

properties that dictate actinide aqueous speciation. Specific aims include (1) identifying the role 

outer coordination sphere molecules and ions – and more importantly, noncovalent, intermolecular 

interactions – play in governing actinide complexation and influencing periodic trends, (2) 

harnessing noncovalent interactions towards the stabilization of elusive actinide complexes and 

clusters, and (3) when possible, correlating the relationship between the species observed in 
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solution to those that precipitate in the solid-state. Chapter 3 describes the materials and 

characterization methods used in this work, in addition to the toxicological and radiological risks 

associated with radioactive material. As such, strict adherence to procedures designed to ensure 

safety of the researcher, laboratory, and greater community were followed, also outlined in this 

Chapter. In Chapter 4, the speciation of Th complexes that precipitate from acidic aqueous chloride 

solutions is examined in the presence of a noncoordinating counter-ion capable of H-bonding 

interactions. This system is extended to U in Chapter 5 with an additional H-bond donor. 

Expansion to plutonium (Pu) and other non-coordinating N–heterocycles in Chapter 6 presents a 

study wherein the early tetravalent actinides are investigated as a function of periodicity and H-

bond donor counter-cations. As is demonstrated in Chapter 6, the substitution of water ligands 

with chloride ions in the inner coordination sphere of Th yielded a variety of monomeric Th–aquo–

chloro complexes with different coordination numbers, coordination geometries, and charges. To 

explore the role counter-ion identity may have on Th–aquo–chloro complex formation, 

computational efforts analyzed the directing effects of noncovalent interactions in Chapter 7. 

Given the similar ionic radii of ThIV and PuIII, the solid-state chemistry of PuIII with various N–

heterocyclic counter-ions was explored in Chapter 8. Lastly, Chapter 9 engages outer coordination 

sphere species to isolate several cerium-oxo clusters from acidic aqueous solutions. The nuclearity 

of the resulting Ce oligomers as a function of counter-ion identity will be discussed, as well as the 

efforts made to extend this system to PuIV. 
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CHAPTER 3: EXPERIMENTAL METHODS AND SYNTHETIC APPROACH 

3.1 Precautions: Working Safely with Radioactive Materials  

Caution! The isotopes used in this work (Table 3.1) present radiological and toxicological hazards. 

Work was performed in facilities equipped for handling these radionuclides and safety precautions 

were strictly enforced when carrying out the syntheses and manipulations described in the Chapters 

that follow. The relatively long half-lives of thorium-232 (232Th) and uranium-238 (238U) allowed 

for minimal safety requirements to work with these isotopes.  

Table 3.1 Half-lives and radioactive decay pathways of isotopes used in this work.251 

Isotope Half-life (t1/2) Decay Mode 

232Th 1.40 x 1010(1) y 𝛼 – decay 

238U 4.49 x 109(6) y 𝛼 – decay 

239Pu 2.41 x 104(30) y 𝛼 – decay 

 

The transuranic (TRU) elements; however, possess shorter half-lives and greater isotopic specific 

activities that command additional containment and shielding, as is reflected in the procedures 

detailed below. Further, TRU research is conducted on smaller scales than Th and U, with 

experiments typically ranging from a few milligrams or less. Despite the differences in safety 

procedures between Th/U and TRU work, all materials were transported, manipulated, 

reprocessed, and disposed of in accordance with institutional guidelines. The aid of radiation safety 

personnel and radiation control technicians were essential in all radiological efforts presented 

herein. Further, when appropriate, non-radioactive surrogates laid the foundation for optimal 

reactant stoichiometries, reaction conditions, and potential reaction products before proceeding to 

transuranic work. Surrogate studies are a common precursor to working with radionuclides like 
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plutonium (Pu); cerium (Ce) was used for this approach given its similar ionic radius and 

coordination behavior, in addition to the accessible +3/+4 redox couple for both elements.      

  232Th and 238U experiments were conducted with safety procedures supported by the 

Georgetown University Radiation Safety Office, including the use of personal protective 

equipment (PPE; primary layer of gloves always and secondary layer of gloves when necessary, 

lab coat, goggles), personal dosimeters, and radiation detection devices (e.g. Geiger counters). 

Further, the proper storage of radioactive materials, daily personal contamination surveys, and 

monthly laboratory contamination surveys were executed to ensure not only that the laboratory 

space was free of radioactive contamination, but also that radioactive material did not leave the 

areas designated for its storage and manipulation.  

 239Pu experiments followed even stricter guidelines in accordance with safety procedures 

supported by Los Alamos National Laboratory (LANL) and Pacific Northwest National 

Laboratory (PNNL) due to the increased and serious health concerns associated with working with 

TRU radionuclides. PPE was always worn (gloves, lab coat, goggles) with primary gloves taped 

to the cuff of the lab coat and secondary gloves worn but not secured so they could be changed 

often and easily. Depending on the facility, foot booties and paper sleeves were also worn to 

provide an extra layer of protection. Entrance to the laboratories was controlled with hand and foot 

contamination monitors and personal contamination monitors equipped to detect 𝛼–, 𝛽–, and 𝛾–

emitting isotopes. Experiments were conducted in laboratories equipped with continuous air 

monitors, HEPA-filtered fume hoods, negative pressure HEPA-filtered gloveboxes and entry 

ports, and 𝛼–, 𝛽–, and 𝛾–radiation detecting instruments. Radiological samples for structural and 

spectroscopic analyses were prepared in radiological fume hoods or workspaces and secured 

within three layers of containment to prevent the accidental release of transuranic material.   
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3.2 Actinide Starting Materials  

Th and U are the only actinides that are naturally occurring in appreciable quantities. The 

remainder of the An series is human-made, synthesized through (1) neutron irradiation or (2) 

irradiation with accelerated charged particles.251 The rarity of transuranic elements, therefore, not 

only impacts the cost of these materials but also restricts access to pure starting reagents. Coupled 

with the increased health risks and need for specialized facilities, the availability and accessibility 

of TRU materials is consequently limited. As such, it is common in the field to reprocess, or rather 

recycle, TRU reactions in order to recover actinide elements to be used in future procedures. 

Reprocessing can be a cumbersome practice, accruing difficulty when multiple oxidation states 

are accessible (as is the case for Pu) and/or when the legacy samples are insoluble or poorly 

characterized. Therefore, it should be noted that in some cases, reprocessing can require significant 

time, effort, supplies, and a sound understanding of the chemical behavior of the actinide to be 

recovered. In comparison, the ability to attain relatively cheap and pure Th and U starting materials 

is much more reasonable, and therefore the need to reprocess is not warranted in most cases. Given 

these considerations, the actinide starting materials expended in the reactions presented in this 

work generally followed the practices described below. 

  As a source of 232ThIV, thorium tetrachloride (ThCl4) was used as received and stored under 

ambient temperature and atmosphere. Given the hygroscopicity of ThCl4, it is likely that the 

starting material was hydrated to some extent, yet subsequent aqueous reaction conditions did not 

render the need to rigorously exclude air and moisture. Uranium trioxide (UO3) was synthetically 

manipulated to yield uranium tetrachloride (UCl4) as a source of UIV according to established 

literature procedures by Kiplinger et al. as illustrated in Scheme 3.1.252 Briefly, yellow UO3 

hydrate and hexachloropropene (C3Cl6) undergo a radical-initiated reaction through a soluble red 
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UCl5 intermediate to generate insoluble green UCl4 product in high yield (roughly ≥95%). The 

UCl4 product was kept under an inert atmosphere (N2) in a positive pressure HEPA-filtered 

glovebox to prevent oxidation to UVI, which can readily occur under ambient conditions.     

 
Scheme 3.1 Synthesis of UCl4 from UO3 via a radical-initiated reaction with 
hexachloropropene.253    
        

 

Plutonium compounds synthesized at LANL were achieved with PuIV stock solutions in 

HCl(aq) obtained through a reprocessing method described previously229,233 and routinely practiced 

in-house. In general, this is a multi-step procedure (Figure 3.1) that relies on several oxidation state 

adjustments, precipitations, dissolutions, and anion exchange chromatography. First, legacy Pu 

samples were combined to yield a poorly characterized Pu residue. The Pu residue was dissolved 

(HCl(aq); 4.5 M) and the oxidation state of the Pu, which was typically a mixture, was reduced to 

+3 with a saturated solution of hydroxylamine hydrochloride (NH2OH·HCl). The resulting PuIII(aq) 

solution underwent an acid precipitation using hydrofluoric acid (HF(aq); 28 M) to produce solid 

plutonium(III) fluoride. After several washes (H2O), the PuF3 pellet was dissolved using a 

combination of boric acid (H3BO3; saturated), hydrochloric acid (concentrated), and slight heating. 

After complete dissolution, the PuIII(aq) solution underwent a base precipitation using ammonium 

hydroxide (NH4OH(aq); concentrated), followed by several washes (H2O) to produce an ill-defined 

plutonium(III)-hydroxo-oxo pellet. The solid was dissolved in nitric acid (HNO3(aq); 8 M) and the 

oxidation state of Pu (PuIII/IV mixture) was adjusted to +4 with sodium nitrite (NaNO2; 10 M). 

Further purification was attained through anion exchange chromatography on an AG-MP1 resin 

with several washes of HNO3(aq) (concentrated), followed by several washes of HCl(aq) 
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(concentrated). After elution from the column with dilute HCl(aq), the PuIV oxidation state purity 

and concentration were confirmed by UV-visible-NIR spectroscopy. The chemically pure PuIV(aq) 

stock was adjusted to yield a final HCl concentration of 6M.   

 

Figure 3.1 LANL plutonium reprocessing method. This procedure was used to achieve a 
chemically pure PuIV stock solution in HCl(aq). Figure has been adapted from Cary et al.233 and 
supported by content from Mounce et al.229    
   
 Plutonium compounds synthesized at PNNL were also achieved with PuIV stock solutions 

in HCl(aq), but obtained through a different reprocessing procedure (Figure 3.2) than that performed 

at LANL. An aliquot of legacy Pu solution in HNO3(aq) was reduced in volume and the acid 

concentration was then adjusted to be 8 M. The solution (dark green) was loaded onto a Dowex 1-

X8 column to form an emerald green band and rinsed several times with HNO3(aq) (8 M). The Pu 

band was eluted from the column using HCl(aq) (1 M) as a yellow/orange solution. The volume of 
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this solution was reduced to near dryness using a vapor capture system, i.e. round bottom flask and 

condenser, and rehydrated with HCl(aq) (concentrated) to produce an orange/red solution and 

repeated three additional times.  

 

Figure 3.2 PNNL plutonium reprocessing method. This procedure was used to achieve a 
chemically pure PuIV stock solution in HCl(aq).       

 
After the fourth addition of HCl(aq), the solution was cooled and hydrogen peroxide (H2O2; 30%) 

was added to reduce all of the Pu to +3, clearly marked by a change in color from orange/red to 

electric blue. After ~24 hours, the solution was gently taken to dryness to drive off excess H2O2. 

The remaining solid was dissolved in HCl(aq) (10 M; 6 mL) to yield an orange/red PuIV stock 

solution characterized with UV-visible spectroscopy to be oxidation state pure and its 

concentration determined by gamma spectroscopy.        
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3.3 Non-Radioactive Materials  

Reactants, reagents, and solvents that were non-radioactive were used as received from 

commercial suppliers. More detailed descriptions of the synthetic details for each phase presented 

in this work including the reactant concentrations, stoichiometries, solvent system, pH, and 

temperature along with reaction methodologies are provided in each Chapter.  

 

3.4 General Synthetic Approach 

Ce, Th, and U starting materials were typically dissolved in inorganic acids to form acidic 

An(aq) solutions, which were then further diluted to achieve the desired concentration of both 

actinide and acid. Reprocessed and chemically pure Pu, which is already held in acidic solutions, 

was further diluted to attain the desired Pu and acid concentrations. An acidic environment not 

only promotes stabilization of +4 oxidation state for many actinides (i.e. U and Pu) under aqueous 

conditions, but also inhibits the formation and precipitation of hydrolyzed products that assemble 

from aqueous An solutions via hydrolysis and condensation reactions (for all An).57 To the An(aq) 

acidic solutions, counter-ions were added and the chemical species that formed both in solution 

and in the solid-state were characterized, in addition to the properties thereof.   

 

3.5 General Characterization Methods  

The chemical reactions and resulting products were analyzed using in-house 

characterization techniques (e.g. X-ray diffraction, vibrational spectroscopies) and where needed, 

through external collaborations (e.g. small angle X-ray scattering, X-ray absorption spectroscopy, 

TRU phase characterization). The solution behavior was investigated with electronic absorption 

spectroscopy (UV-visible-NIR) and small angle X-ray scattering (SAXS). If diffraction-quality 
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crystals were attained, the solid-state structure was determined by single crystal X-ray diffraction 

(SCXRD) analyses and correlated as a representation of the bulk products by powder X-ray 

diffraction (PXRD) analyses. Infrared and Raman spectroscopies were used to probe the 

vibrational properties of the compounds and the optical characteristics were explored on either 

single crystals or bulk powders with UV-visible-NIR spectroscopy. The metal ion oxidation states, 

if needed, were examined with X-ray absorption spectroscopy (XAS). When viable, the reaction 

products were analyzed by combustion elemental analysis (EA) to confirm elemental composition 

of carbon, hydrogen, and nitrogen. Computational calculations supported experimental findings 

and provided insight into energetics of formation for various systems.  

The exact details of reagents, concentrations, synthetic and computational methods, and 

subsequent characterization techniques for the compounds reported in this work can be found in 

each Chapter. It is important to note that the synthesis of radioactive compounds and the particular 

analyses pertinent to understanding their structure and properties are highly dependent upon the 

nature of the specific isotope. Depending on the isotope, the requirements to handle these 

radionuclides safely play a large role, and sometimes even dictate, the process and progress that 

can be made towards understanding the fundamental chemistry of the actinides and their properties 

that can be exploited for critical applications.   
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CHAPTER 4: MONOMERIC AND TRIMERIC THORIUM CHLORIDES ISOLATED 

FROM ACIDIC AQUEOUS SOLUTIONb 

4.1 Introduction 

Outer coordination sphere molecules and ions have been shown to influence the identity of actinide 

(An) complexes and clusters through noncovalent interactions, allowing for the stabilization and 

crystallization of several unprecedented monomeric and polymeric An complexes.135,165,199,201 

However, our understanding of the role that noncovalent interactions have on “templating” and/or 

stabilizing the formation of metal–ligand complexes or clusters is still in its infancy. Further, the 

accessibility of the +4 oxidation state – an oxidation state that can be achieved and maintained 

with relative ease under aqueous conditions for the early actinides, thorium through plutonium – 

allows for periodic trends to be drawn across the 5f block. 

 Towards this end, we first investigated the structural chemistry of thorium (Th) complexes 

that form in acidic aqueous solutions in the presence of a non-coordinating H-bond donor 

molecule. Utilization of pyridinium (HPy) in these systems aimed at uncovering the effects of 

second coordination sphere interactions on An speciation. Herein, we report the synthesis of 

[Th(H2O)4Cl4]⋅(HPy⋅Cl)2 (Th–1) and (HPy)3[Th3(H2O)2Cl10(OH)5]⋅(HPy⋅Cl)4 (Th–2), which are 

built from monomeric and trimeric Th structural units, respectively. The identities of Th–1 and 

Th–2 were confirmed by Raman and IR spectroscopies. Electronic structure calculations were also 

used to determine the relative stability of these structural units in relation to one another. The 

correlation between solution and solid-state speciation was also examined using small angle X-ray 

scattering (SAXS). Such species are largely absent from discussions of Th solution and solid-state 

 
b Reproduced in part with permission from J. N. Wacker, M. Vasiliu, I. Colliard, R. L. Ayscue, S. 
Y. Han, J. A. Bertke, M. Nyman, D. A. Dixon, K. E. Knope, Inorg. Chem. 2019, 58, 10871-10882. 
Copyright © 2019 American Chemical Society. 
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chemistry and their isolation may be attributed to outer coordination sphere interactions that help 

stabilize the structural units. 

 

4.2 Synthetic Approach to Monomeric and Trimeric Thorium(IV) Chlorides  

 Under an inert nitrogen atmosphere, the room temperature evaporation to complete dryness 

of a ThIV/HCl(aq) solution containing pyridinium resulted in the co-precipitation of crystals 

identified as [Th(H2O)4Cl4]·(HPy·Cl)2 (Th–1) and (HPy)3[Th3(H2O)2Cl10(OH)5]·(HPy·Cl)4 (Th–

2), along with a microcrystalline powder that was later identified via powder X-ray diffraction as 

Th–2. Crystallographic parameters from the structures are outlined in Table 4.3. Further synthetic 

details and characterization methods for Th–1 and Th–2 can be found in Section 4.9. It should be 

noted that yield estimations, elemental analysis, and subsequent bulk analysis were complicated 

by the difficulty in manually separating the two phases coupled with the instability of the 

compounds.  

  

4.3 Structure Descriptions of Monomeric and Trimeric Thorium(IV) Chlorides 

4.3.1 Th(H2O)4Cl4⋅(HPy⋅Cl)2 (Th–1) 

  [Th(H2O)4Cl4]⋅(HPy⋅Cl)2, Th–1, crystallized in the Pnma space group. The structure 

consists of ThIV metal centers bound to four chloride ions and four water molecules. The ligated 

chloride ions arrange to sit just above a plane about the Th metal center while three water 

molecules sit below the plane and one water molecule above the plane to form a charge-neutral 

structural unit. Th–O(H2) and Th–Cl bond distances range from 2.432(5) to 2.496(6) Å and 

2.718(1) to 2.775(2) Å, respectively. These distances are consistent with previous reports of Th–

O(H2) and Th–Cl bonds respectively.88,129,132,223,254 The calculated DFT (B3LYP/aug-cc-pVDZ/cc-
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pVDZ-PP) Th–O(H2) bond distances are longer than experiment ranging from 2.52 to 2.70 Å and 

the Th–Cl bond distances are between 2.68 to 2.78 Å. Differences between experimental versus 

calculated values are typical of the B3LYP functional for these types of molecules.255 Two 

pyridinium cations and two chloride anions exist in the outer coordination sphere per structural 

unit, linking the Th(H2O)4Cl4 monomers together through weak to moderate H–bonding 

interactions.207,256  

 
 
Figure 4.1 Packing diagram of Th–1. The supramolecular interactions (dotted black lines) 
between the Th(H2O)4Cl4 structural units and the outer coordination sphere pyridiniums and 
chloride ions are illustrated. π−π stacking interactions are also present, although not shown. H 
atoms and disorder of the pyridinium rings are omitted for clarity (Th=light blue, Cl=light green, 
O=red, N=dark blue, C=black). Symmetry equivalent atoms were generated through their 
respective symmetry elements (i = x, −y + ½, z). 
 
H-bonding interactions between bound water molecules and lattice chloride ions yield O1/O3–

H···Cl3 donor-acceptor distances ranging from 3.035(5) to 3.048(5) Å. In addition, the protonated 

pyridinium engages in H–bonding interactions with free chloride ions (N1–H···Cl1=3.448(6) Å) 

and bound water molecules (N1–H···O3(H2)=2.992(10) Å). These H-bonding interactions can 
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similarly be classified as moderate to weak.207 Further π–π stacking interactions between 

pyridinium rings serve to stitch this compound together to form an extended network, illustrated 

in Figure 4.1. These interactions were calculated using Platon;257 CHPy···CHPy = 3.613(2) and 

3.644(2) Å with a slip angles of 20.0° and 18.2°, respectively. 

4.3.2 (HPy)3[Th3(H2O)2Cl10(OH)5]⋅(HPy⋅Cl)4 (Th–2) 

The structure of Th–2, (HPy)3[Th3(H2O)2Cl10(OH)5]⋅(HPy⋅Cl)4, consists of a trimeric 

structural unit that crystallizes in the C2/c space group. Two unique Th metal centers make up the 

trimer (Figure 4.2a); Th1 is eight-coordinate bound to four chlorides and four oxygen atoms. Two 

of the four oxygens (O1) are μ2−hydroxides while the remaining two oxygen atoms (O2) are 

μ3−hydroxides; the μ3−hydroxides/μ2−hydroxides bridge adjacent Th metal centers. Th1−O1 and 

Th1−O2 distances are 2.386(1) Å and 2.483(2) Å, respectively. Th2 is also eight coordinate with 

one water molecule replacing one of the bound chlorides resulting in three ligated chlorides, one 

water molecule, two μ2−hydroxides with a Th2−O1/O3 distance of 2.387(2) and 2.342(2) Å, and 

two μ3−hydroxides with Th2−O2 distances of 2.478(2) to 2.507(3) Å. Overall, the Th atoms of the 

[Th3(OH)5]7+ core lie in a single plane linked through three μ2−OH groups which bend away from 

the center of the cluster. Two remaining μ3−OH groups bridge all three Th atoms in the middle of 

the cluster. In contrast to the μ2−OH groups that lie in plane with the Th metal centers, these μ3−OH 

groups pucker above and below the plane. Similar to the monomer in Th−1, the calculated 

distances for the trimer in Th−2 are longer than experiment. The Th1−O1 distances for the 

μ2−hydroxides are calculated to be 2.46 Å and the μ3−hydroxides have Th1−O2 distances of 2.63 

and 2.65 Å. Th2−O(4)H2 distances are calculated to be 2.74 Å; the two μ2−hydroxides have 

Th2−O1 distances of 2.30 Å where the OH bonds to Th1. The other μ2−hydroxide (O3) that 

completes the trimeric unit yields a Th2−O3 distance of 2.38 Å. The μ3−hydroxides are calculated 
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to be about 2.47 to 2.48 Å. The calculated Th−Cl bond distances range from 2.74 to 2.92 Å. Bond 

valence summation (BVS) values are consistent the assignment of ThIV metal cations, hydroxide 

groups, and ligated water as shown in Table 4.1.  

Table 4.1 Bond valence summation (BVS) values for crystallographically unique atoms in 
Th–2.  

Atom BVS Assignment 

Th1 4.053 ThIV 

Th2 4.175 ThIV 

O1 1.168 OH– 

O2 1.257 OH– 

O3 1.244 OH– 

O4 0.465 H2O 
*The valence between two atoms, i and j, was calculated using the 
equation νij = exp[(Rij-dij)/b) wherein Rij is the bond valence 
parameter, dij is the bond length between i and j, and b is a 
constant.258 All of the individual valences are summed to give the 
overall valence for a particular atom. 

 
The anionic trinuclear building unit [Th3(H2O)2Cl10(OH)5]3− exists in Th–2 as an isolated 

molecular unit, capped by ligated chloride and water molecules. Seven pyridinium and four 

chloride ions exist in the outer coordination sphere to charge-balance the trimeric unit (Figure 

4.2b). Outer coordination sphere chloride anions and pyridinium cations together engage in the 

shortest H-bonding interactions present in Th–2 with N−H···Cl distances ranging from  3.017(19) 

to 3.445(13) Å. Pyridinium cations further engage in H-bonding interactions with bound chlorides 

of the trimeric structural unit, yielding distances of N2−H···Cl1=3.193(6) Å and 

N4−H···Cl6=3.332 (14) Å respectively. Similar to Th–1, the strength of H-bonding interactions 
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present in Th–2 can be classified as moderate to weak.207 π−π stacking interactions yielded a 

CHPy···CHPy distance of 3.8547(3) Å and a slip angle of 30º. 

 
Figure 4.2 Trimeric structural unit and crystal packing diagram of Th–2. a) 
[Th3(H2O)2Cl10(OH)5]3– structural unit in Th–2. b) Packing diagram of Th–2 highlighting isolated 
trimers and interstitial pyridinium cations and chloride ions. Supramolecular interactions are 
highlighted by dotted black lines. H atoms and disorder of the pyridinium rings are omitted for 
clarity (Th=light blue, Cl=light green, O=red, N=dark blue, C=black). Symmetry equivalent atoms 
were generated through their respective symmetry elements (i = –x + 1, y, –z + ½). 
 

4.4 Vibrational Properties of Monomeric and Trimeric Thorium(IV) Chlorides 

Density functional theory calculations allowed for predictions of the vibrational properties 

of Th–1 and Th–2; subsequent comparisons to experimental findings are discussed below.  

 The IR spectra for Th–1 and Th–2 exhibited many similar features that are attributed to 

the presence of pyridinium cations in the outer coordination sphere for both compounds (Figure 

4.3), particularly between 400 and 1650 cm–1. The presence of water in both compounds was 

additionally confirmed via IR. In Th–1, the H2O H–O–H bends were experimentally observed at 

1616 cm–1 with the corresponding computational H–O–H bends for the four H2O molecules 
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calculated to fall between 1540 and 1645 cm–1. The experimental band at 543.5 cm–1 is assigned 

to motions of the H2O group and there are corresponding calculated values in this spectral region. 

The OH stretches of the H2O molecules are experimentally observed at 3401 cm–1 in the solid and 

are red–shifted as compared to the calculated values due to intermolecular H-bonding; the 

computational results for the isolated gas phase molecule fall within the range of 3635 to 3879 cm–

1, typical of a free H2O molecule. In Th–2, vibrations attributed to the presence of bound water are 

likewise observed. The calculated OH stretches for the H2O molecules are found from 3540 to 

3616 cm–1 and are considerably red–shifted from the H2O OH stretches in Th–1. Furthermore, μ2–

OH or μ3–OH experimental vibrations could possibly be assigned at 3736 and 3586 cm–1, although 

the intensity of these peaks is weak. One unique μ2–hydroxide is predicted to be at 3869 cm–1 and 

the other unique μ2–hydroxide is at 3815 cm–1, while the μ3–hydroxides are predicted to be about 

3775 cm–1. These results are consistent with prior work that observed Th–μ2–OH or Th–μ3–OH IR 

stretches to fall between 2500 and 3700 cm–1 for Th–selenate oligomers259 and Th–μ3–OH stretches 

for Th hexamers calculated to fall between 3806 and 3815 cm–1.153  

 The Raman spectra of Th–1 and Th–2 show clear differences (Figure 4.3). Above 1000 

cm–1, peaks attributed to pyridinium, symmetric/asymmetric –OH stretches, and H–O–H bending 

modes of water are present in both spectra. The most intense peaks at 1008, 1028, 1056, 3039, and  

3095 cm–1 for Th–1 and 1007, 1026, 1055, 3042, and 3098 cm–1 for Th–2 are consistent with 

pyridine in 10% HCl; shifts of these stretches in comparison to the spectrum of neat pyridine are 

attributed to pyridinium acting as a Br∅nsted acid in Th–1 and Th–2.260 The presence of water in 

both complexes is also confirmed by Raman spectroscopy, with the bands between 1600 to 1640 

cm–1 arising from the bending mode of H2O. Characteristic C=N stretches of pyridinium are 

likewise observed in this region. Lastly, the OH stretches are observed as a broad band centered at 
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3354 cm–1 in Th–1, and there are two distinct peaks at 3580 cm–1 and 3652 cm–1 in Th–2. Lower 

wavenumbers for the OH stretches of the H2O molecules compared to more commonly reported 

values are likely due to extensive H–bonding present in both structures.261-264 

 
 

Figure 4.3 Infrared and Raman spectra of Th–1 and Th–2. The Raman (red) and IR (blue) 
spectra for Th–1 (a) and Th–2 (b) are shown. Difference in background intensity, observed as 
steps, over 1750–2750 cm–1 in the Raman spectrum of Th–2 resulted from instability of the 
crystals under prolonged laser exposure. 
 

As shown in Figure 4.3, mixed Th–O(H2)/Th–Cl vibrations are experimentally observed between 

200–400 cm–1. For Th–1, the most intense peak within this range is found at 258 cm–1 in 

comparison to the most intense computationally predicated peak at 313 cm–1. Other Th–O(H2)/Th–

Cl vibrations are observed at 220 and 322 cm–1. The spectrum for Th–2 shows that there is 

reasonable agreement between experiment and computation; mixed Th–O(H2)/Th–Cl vibrations 

are experimentally observed at 228 and 265 cm–1 for Th–2, and computationally predicted 221 

and 265 cm–1 respectively. H2O group inversions are observed at 393 cm–1 for both compounds. 

Pyridinium stretches are also present in this range for both compounds, predicted at 618 and 641 

cm–1 and observed experimentally in both Th–1 and Th–2 at 609/637 cm–1 (Th–1) and 607/634 
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cm–1 (Th–2), respectively. There is one vibration present in Th–2 but not in Th–1 – a broad peak 

centered at 716 cm–1. This can be assigned as a μ3–OH bend. Computationally, multiple vibrations 

were predicted in this range at 712, 715, and 726 cm–1 (most intense) and likely would fall under 

the broad peak observed experimentally.  

 Of the thorium oligomers reported, Raman assignments for μ2–hydroxides have been 

reported for Th(IV)−selenate clusters built from [Th8(μ2–OH)8(μ3–O)4]16+ cores; however, these 

were not differentiated from −OH vibrations attributed to water in the structures.159 In contrast, 

Raman assignments for μ3–hydroxides are much more well studied due, in part, to the number of 

Th hexanuclear clusters that have been isolated.132,154-155,254 In particular, a combined 

experimental/computational investigation regarding the Raman behavior of several Th hexamers 

with the general formula Th6(μ3–OH)4(μ3–O)4]12+ predicted a μ3–OH bend between 666 and 750 

cm−1; the μ3–OH bend was experimentally observed at 706, 711, and 750 cm−1 based on the ligands 

decorating the clusters.153 This prior study is consistent with the results for Th–2 in this work. A 

μ3–OH stretch was also computationally predicted to exist for the Th hexamers between 

3806−3815 cm−1 (as discussed in the IR section, vide supra) but was never experimentally 

observed, similar to the absence of this peak in the Raman spectrum of Th–2. However, the two 

distinct peaks at 3580 and 3652 cm−1 in Th–2 could arguably be assigned as μ2–OH or μ3–OH 

stretches, experiencing hypsochromic shifts like those observed in the IR spectra due to H-bonding 

in the structure.261,265 Overall, there is agreement between the calculated and observed vibrations 

in both Raman and IR spectra. The presence of a peak at 716 cm−1 assigned to a μ3–hydroxide 

bend distinctly differentiates Th–1 from Th–2 while also confirming the presence of this structural 

functionality within the trimeric structural unit. 
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4.5 Reaction Energetics between Monomeric and Trimeric Thorium(IV) Chlorides  

To predict the energetics of Th–1 relative to Th–2, calculations were performed to assess 

the transformation from the monomer to the trimer. Additionally, calculations included the 

octahedral ThCl62− dianion, as AnCl62− (An=U, Np, Pu) complexes are quite prevalent in the 

literature and are common products that precipitate from solutions of AnIV ions in hydrochloric 

acid, yet ThCl62− is not observed in our reaction products.255  

For the reaction of Th(H2O)4Cl4 to form ThCl62−, benchmark calculations were done at the 

CCSD(T) level to check the values obtained at the MP2 and DFT/B3LYP levels. The CCSD(T) 

calculations could not be performed for the trimer as they scale as N7, with N equal to the number 

of basis functions. The MP2 calculations are in better agreement with the higher level CCSD(T) 

calculations, which serve as a benchmark, than are the DFT/B3LYP values. Therefore, in the 

discussion below we focus on the MP2 values. Note that all of these values are free energies in 

aqueous solution (ΔGaq) obtained using gas phase free energies and the free energy of solvation 

from a self-consistent reaction field calculation (Equation 4.1). Our approach is based on that used 

to study the reaction of U(H2O)4Cl4 to form UCl62−.255 The reaction from the Th−aquo−chloro 

monomer to the ThCl62− dianion is predicted to be exothermic, −4 kcal/mol at the CCSD(T) level 

and −5 kcal/mol at the MP2 level. Note that the values in Figure 4.4 for this reaction are multiplied 

by 3 in order to be compatible with formation of the trimer. The CCSD(T) value is slightly more 

exothermic than the corresponding value of −1 kcal/mol for the same reaction with uranium instead 

of Th.  

 We can consider two ways to write the reaction of the monomer to form the trimer. The 

first is with formation of pure protons and the second is in the protons trapped by pyridinium. At 

the MP2 level, there is very little difference due to the presence of pyridine, and the reaction is 
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predicted to be very exothermic to form the trimer. As shown in Figure 4.4, the reaction to form 

the trimer is substantially more exothermic than it is to form ThCl62−, consistent with the lack of 

experimental observation of ThCl62−.  

 The specific reaction for the trimer was chosen to make it as close as possible to the types 

of atoms present in formation of the Th hexachloride dianion. There are many more species in 

solution and it would be difficult to exhaustively know all of the possible reaction channels. 

Although the reaction from the monomer is predicted to be highly exoergic for the reaction as 

written, it does not mean that there are no other competing pathways that could take the trimer 

back to the monomer as found experimentally. Note that these reaction energies are only for 

reactions in aqueous solution and do not include the presence of a solid phase or any effects of 

counter-ions and pH. 

 

 
 
Figure 4.4 Energetic landscape between the monomer in Th–1, the trimer in Th–2, and 
ThCl62−. Reaction free energies in aqueous solution at 298 K in kcal/mol for the reaction of the 
monomer in Th–1 to form the trimer in Th–2 and ThCl62− in the (a) absence and (b) presence of 
pyridine are shown. For each reaction, the top number corresponds to the value of the free energy 
in aqueous solution obtained at the B3LYP/aD/D-PP level. The bottom number corresponds to the 
value of the free energy in aqueous solution obtained at the MP2/aD/D-PP level with the 
corresponding CCSD(T) values in parentheses. See text for exact details of the calculations. Th is 
blue, Cl is green, O is red, and H is white. 
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4.6 Small Angle X-ray Scattering Studies 

The solution phase stability of the reported compounds was examined using SAXS. X-ray 

data were collected on the bulk sample dissolved in aqueous solution at three different 

concentrations and compared to the simulated scattering curves for monomeric and trimeric units 

observed in Th–1 and Th–2, respectively (Figure 4.5). Qualitatively, at all concentrations, the 

experimental scattering curves resemble the general shape of the simulated scattering curve 

calculated for the trimeric unit, particularly in the Guinier region (q = 0.2−0.6 Å−1).  

 

Figure 4.5 Small angle X-ray scattering studies of Th–1 and Th–2 in water. The plot compares 
the normalized-intensity log(q)−log(I(q)) scattering curves of the bulk reaction product, containing 
Th–1 and Th–2, dissolved in water at 5 (purple), 15 (green), and 30 (red) mg of bulk sample/mL 
of H2O. The simulated scattering curves for the monomer in Th–1 (blue) and the trimer in Th–2 
(black) are shown for reference. Normalization allows for ease in comparing the Guinier regions. 
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Thus, our initial assessment suggests the trimeric structural unit remains intact when dissolved in 

water, or monomers present also assemble to trimeric units upon dissolution in neat water, without 

excess acid. On the other hand, the mismatch between the simulated (trimer) and experimental 

data, observed by the rise in scattering intensity between q = 0.7 and 1.3 Å−1, potentially indicative 

of a Guinier region at high q-value, suggested the presence of smaller species. To investigate the 

presence of the monomer form, we applied a 2-phase model to the data in which we fit the curves 

with form factors for both the monomer and the trimer. The result of these attempts can be 

interpreted as (1) there is minimal monomer present in solution, (2) the monomer scattering is too 

weak to be detected in the presence of the trimer (scattering intensity is proportional to radius6), 

or (3) the excess scattering at higher q is attributed to scattering by the Cl− ions, since the mismatch 

increases with increasing concentration (Appendix C.1). It is likely a combination of all three. 

However, the scattering intensity in the low–q plateau region (below q = 0.1 Å−1) increases with 

decreasing concentration. We suspect this is because any monomers present convert to trimers, 

since decreasing concentration increases the self–buffering pH, driving hydrolysis/condensation 

reactions. The increased scattering from conversion of smaller to larger species overwhelms the 

decrease in scattering from total concentration of species (intensity scales linearly with total 

concentration, compared to exponentially with species volume).  

Using Modeling II macros in Irena with a single-phase fit, we determined the radii of the 

approximately spherical particles present in the three different concentrations (Table 4.2). The 

radius of gyration (Rg, a shape independent root-mean-squared sum of scattering vectors through 

the particles) value is directly correlated to the radius of the dissolved species (1.29 × Rg ≈ R; 

R=radius of approximately spherical species). The experimentally determined radii (and derived 

Rg values) are in agreement with the calculated values, confirming the trimer stays intact upon 
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dissolution, and the solutions are dominated by the trimer species. Interestingly, the average radius 

of scattering species increases slightly with increasing concentration, despite the monomer to 

trimer conversion. We attribute this to increased ion–association between the chloride anions and 

thorium cationic species with increased concentration. 

Table 4.2 Summary of the Modeling II fits of the bulk sample and the calculated values. 

Sample R (Å) Rg (Å)a 

simulated trimer 5.24 6.76b 

5 mg/mL 5.12 6.60 

15 mg/mL 5.28 6.82 

30 mg/mL 5.38 6.94 

a Calculated from experimental R (R / 1.29 ≈ Rg, R = radius of 
approximately spherical species). b Determined from SolX. 

 

4.7 Discussion  

4.7.1 Monomeric Actinide Chlorides  

An halides, and An–Cl compounds in particular, have broadly been explored for many 

decades due to their relevance to waste management and separations chemistry, their role in 

probing covalency in the f-block, and their utility as starting materials for transuranic 

syntheses.44,266-267 For the tetravalent An ions, there are a number of AnCl62– (An=U, Np, Pu) based 

structures reported that are charge balanced by numerous cations and crystallized under a range of 

synthetic conditions.223-228,255 In contrast, there are only a few reports of ThCl62– compounds.223-

224,268  

There is clearly precedence for AnCl62– structural units, yet it is worth highlighting that 

only a few solid-state examples of An–aquo–halide compounds have been described, despite their 
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identification in solution and by electronic structure predictions.269-270 Kiplinger et al. isolated a 

Th(H2O)4Cl4 structural unit recrystallized from tetrahydrofuran or 1,4-dioxane by refluxing 

Th(NO3)4·(H2O)5 at elevated temperatures in 12 M HCl.235 Kiplinger’s Th(H2O)4Cl4·(1,4-

dioxane)3 and Th(H2O)4Cl4·(THF)5 compounds exhibit a different coordination about the metal 

center, displaying a distorted square antiprism geometry. Related monomeric and dimeric An–

aquo–halide compounds that only contain water or chloride in their first coordination sphere have 

also been reported.271-272 Notable reports for monomeric ThIV include the homoleptic 

[Th(H2O)10]4+ structural unit, which was isolated from HBr solution, crystallizing with four 

bromide ions in the outer coordination sphere, and [Th(H2O)7Cl2]·Cl2·18-crown-6·2H2O.88,273 

Monomeric PuIII–aquo–chloro complexes have also been reported with varying aquo/chloride 

ratios and counter-ions including cis-Cs[Pu(H2O)4Cl4], trans-Cs5[Pu(H2O)4Cl4]Cl4·2H2O, 

(Et4N)[Pu(H2O)6Cl2]Cl2·2H2O, and (C5H5NBr)2[Pu(H2O)5Cl3]Cl2·2H2O.274-275 Furthermore, 

dimeric hydrolysis products have been isolated including [Th(μ2–OH)2Cl2(H2O)12]Cl4·2H2O from 

acidic HCl solutions and [Th(μ2–OH)Cl(H2O)6]2Cl4·18-crown-6·2H2O stabilized by 18-crown-6 

molecules.129,271           

The extensive library of AnCl62– (An=U, Np, and Pu) compounds coupled with the limited 

reports of ThCl62– point towards a break in the structural chemistry of the early actinides. As 

highlighted in this work, only Th(H2O)4Cl4 is observed. Similarly, in the separations community 

it has been known for decades that the anion exchange behavior of ThIV in hydrochloric acid is 

different than that of the other tetravalent actinides (U, Np, Pu).276 Even in concentrated HCl, ThIV 

adsorption to a strong base quaternary amine resin is found to be negligible. In contrast, UIV 

exhibits minimal adsorption to the resin below 5.5 M HCl but rapidly increased with increased 

HCl concentrations, consistent with the formation of UCl62– and its subsequent interaction with the 
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resin as an anion. For NpIV and PuIV, with decreasing ionic radii, higher concentrations of AnCl62– 

form at lower concentrations of HCl.231 Under the conditions used for anion exchange, it is likely 

thorium forms a Th–aquo–chloro derivative that is not anionic, thereby prohibiting its adsorption 

to the resin. The propensity of Th to form aquo–chloro complexes versus the tendency of the later 

actinides to form AnCl62– units likely arises from disparities in ionic radii between AnIV metals. 

Due to its larger size, Th forms higher coordinate complexes and the hexacoordinate ThCl62– 

complex is not easily isolated or observed. Consistent with this point are observations that thorium 

salts are quite hygroscopic, and as a result the isolation of anhydrous thorium compounds from 

acidic aqueous solution is challenging, accounting for the limited reports of Th 

hexachlorides.268,277  

4.7.2 Trimeric Thorium Hydrolysis Products 

In addition to the isolation of the monomeric ThIV–aquo–chloro complex, the trimeric 

compound reported herein is, to the best of our knowledge, the first report of a [Th3(OH)5]7+ unit 

isolated from aqueous solution. A few trinuclear building blocks for thorium have been previously 

reported;130,150-152,278-280 however, compound Th–2 presented herein exhibits a novel Th 

coordination and extended topology. Comparison of Th–2 with other reported trimeric units is 

displayed in Figure 4.6. In 1988, the first isolation of a trimeric species came under nonaqueous 

conditions from Kadish and coworkers in which three eight-coordinate Th cations are bridged by 

six μ2–hydroxo ligands.150 The [Th3(μ2–OH)6]6+ core is stabilized by tetraphenylporphyrin ligands, 

resulting in the first report of a trimeric metalloporphyrin (Figure 4.6c). Almost three decades later, 

Duval et al. identified a ThIV trinuclear building block isolated from acetate buffer.151 The [Th3(μ3–

O)(μ2–OH)3]7+ core is built from three seven-coordinate Th metal centers bridged through μ2–

hydroxides and a central μ3–oxo. The trimeric structural unit presented in Figure 4.6d is 
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sandwiched between [α-SiW9O34]10– polyoxometalates. Next are two trinuclear building units 

bridged by carboxylate ligands to form multidimensional coordination polymers that were 

synthesized solvothermally/ionothermally by Martin et al. and Li et al., respectively (Figure 

4.6e).130,152  

 

 
 

Figure 4.6 Comparison of trinuclear building units contained within various compounds, 
highlighting different ligand environments. (a) Trimeric unit within 
(HPy)3[Th3(H2O)2Cl10(OH)5]·(HPy·Cl)4 (Th–2) reported herein. (b) Color code representing 
different types of ligands found within trimeric structural units (O−POM=oxygens bound to the 
polyoxometalate unit, [SiW9O34]10− O−carb=oxygens bound to carboxylates, N−TP=nitrogens 
bound to tetraphenylporphyrin or 2,2’:6’,2’’-terpyridine). Th3 structural units observed in (c) 
[(TPP)Th(μ2-OH)2]3·2H2O·3C7H150 (TPP=tetraphenylporphyrin), (d) Na12Rb[Th3(μ3-O)(μ2-
OH)3(SiW9O34)2]151, (e) [Th3(μ3-O)(BTC)3(OH)(H2O)2]·2.9DMF·1.5H2O130 (BTC=1,3,5-
benzentricarboxylate) and [Th3(μ3-O)(bptc)3(H2O)3.78]·Cl·(C5H14N3Cl)·8H2O152 (bptc=[1,1-
biphenyl]-3,4’,5-tricarboxylate), (f) [Th(μ-η2:η2-O2)(terpy)(NO3)2]3280 (Th=light blue). 
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Martin and coworkers reported a [Th3(μ3–O)(BTC)3]+ (BTC=1,3,5-benzentricarboxylate) core that 

contains a 10-fold coordination environment about the thorium metal and displays a single μ3–oxo 

in the center of the cluster. The trimeric building unit is linked to adjacent trimers through BTC 

ligands, yielding an open-framework coordination polymer. Li and coworkers presented a similar 

trinuclear building unit [Th3(μ3–O)(bptc)3]+ (bptc=[1,1’-biphenyl]-3,4’,5-tricarboxylate) that 

formed a 3D cationic framework. The trimer reported herein differs from these four complexes in 

that the structural units in Th–2 exist as isolated molecular complexes and are not bridged into an 

extended network. Additionally, the trimer was not isolated with stabilization from 

polyoxometalates or porphyrin ligands. The synthetic approach used in this work may stabilize the 

Th3(μ3–OH)2 moiety, which has unique connectivity and is notably different from the single μ3–

oxo bridged Th3 clusters that have previously been reported.130,151-152 Other related trimeric 

structural units include a trimeric Th hydride,278 Th3(μ3–H)2(μ2–H)4(OAr)6 (Ar=2,6-t-Bu2C6H3), a 

Th-MOF containing Th[C6H3(CO2)3F]·0.3H2O units,279 and a trimeric Th peroxide cluster,280 

[Th3(μ–η2:η2–O2)(terpy)3(NO3)6]·3CH3CN (Figure 4.6f, terpy=2,2’6’2’’-terpyridine).   

Thermodynamic studies do not predict the Th3 structural unit to exist in non-complexing 

media over a pH range of 1–14.44 Instead, only Th4+, [Th(OH)x]y+, [Th2(OH)2]6+, [Th4(OH)8]8+, 

and [Th6(OH)15]9+ are proposed.281-282 Monomers, dimers, tetramers, hexamers, octamers, and 

even a decamer are established in the solid-state for thorium.129,131-134,146-149,155,159,254,283 Thus, the 

isolation of Th–2 as a trimeric unit from aqueous solution illustrates the novelty of this complex. 

Of the previously reported trimers, Kadish et al. established the persistence of the trimeric unit 

with a chelating porphyrin ligand in solution by NMR; Li and coworkers observed their Th MOF 

in aqueous solutions through hydrolytic stability measurements.150,152 Other reports did not 

identify the trimer in solution. In this work, Raman spectroscopy was used to monitor the reaction 
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solution until crystallization occurred (Appendix B.1). Evidence supporting the assembly of the 

trimer; however, was not observed as the spectra are dominated by water and pyridinium 

signatures. However, dissolution of Th–2 in aqueous solution and subsequent analysis by small 

angle X-ray scattering showed that the trimeric structural unit remained intact in water.  

 The isolation of Th–2 in the solid-state may be due to the high concentration of ThIV in the 

reaction, as increased concentration of the metal is well known to favor hydrolysis and 

condensation chemistries.57 Alternatively the isolation of Th–2 may be attributed to the high ionic 

strength of the solution, or additionally to the presence of outer coordination sphere molecules 

(pyridinium) that engage in noncovalent interaction to stabilize and precipitate the structural unit. 

In any case, the isolation of Th–2 under highly acidic conditions not only highlights thorium’s 

ability to form trimeric units without chelating and complex organic ligands (i.e., porphyrin rings 

or carboxylates), but also supports the trimer as an accessible species that exists in nuclearity 

between mononuclear species and the ultimate thermodynamic product, ThO2.       

 

4.8 Conclusion / Outlook 

The evaporation of acidic aqueous solutions containing Th and pyridinium resulted in the 

formation of two novel phases, [Th(H2O)4Cl4]·2(HPy·Cl) (Th–1)  and 

(HPy)3[Th3(H2O)2Cl10(OH)5]·4(HPy·Cl) (Th–2). To the best of our knowledge, this is the first 

report of a trimeric Th–hydroxo bridged unit isolated from aqueous solution absent more complex 

stabilizing ligands such as carboxylates, polyoxometalates, or porphyrins. Single crystal X-ray 

diffraction data for both phases are reported, along with assignment of Raman and IR vibrational 

modes. Electronic structure calculations showed an energetic driving force towards the trimeric 

unit from Th(H2O)4Cl4 and its presence in solution was established using small angle X-ray 
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scattering. Importantly, observation of the trimeric unit in the solid-state and solution provides 

evidence for a species that was largely absent from descriptions of hydrolysis and condensation 

chemistry of Th, and it may have significant implications for understanding the aqueous phase 

behavior of Th.  

Furthermore, the pyridinium cations present in the reaction solution may facilitate the 

crystallization of the rare Th–2 compound by engaging in noncovalent interactions. Looking 

forward, inclusion of H-bond donors such as pyridinium highlight an important synthetic strategy. 

Rather, while the exact role that noncovalent interactions play in the stabilization of various 

structural units remains uncertain, these results point towards their utility to isolate otherwise 

elusive species and further underscore the need to understand the impact that noncovalent 

interactions play in governing actinide speciation. To probe structural periodicity across the AnIV 

series, similar experiments were extended to UIV. The results are described in the following 

Chapter (Ch. 5).    

 

4.9 Experimental Details  

4.9.1 General Considerations 

 Caution! 232Th is an α–emitter and standard precautions for handling radioactive 

materials should be followed when performing the syntheses that follow. Thorium tetrachloride 

(International BioAnalytical Industries, Inc.), pyridine (Alfa Aesar), and hydrochloric acid (Fisher 

Chemical) were used as received from commercial suppliers. Aqueous solutions were prepared 

using nanopure water (≤0.05 μS) purified by a Millipore Direct-Q 3 UV water purification system. 
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4.9.2 Syntheses 

 Th(H2O)4Cl4·(HPy·Cl)2 (Th–1) and (HPy)3[Th3(H2O)2Cl10(OH)5]·(HPy·Cl)4 (Th–2). An 

aqueous solution of ThIV in HCl was prepared in a glass vial (3 mL) by dissolving ThCl4 (0.05 g, 

0.13 mmol) into HCl (0.5 mL, 1 M). Pyridine (20 μL, 0.25 mmol) was then added, and the solution 

was left to completely evaporate under a nitrogen atmosphere. After approximately 7−14 days, 

colorless crystals of [Th(H2O)4Cl4]·(HPy·Cl)2 (Th–1) and 

(HPy)3[Th3(H2O)2Cl10(OH)5]·(HPy·Cl)4 (Th–2) as well as a microcrystalline powder, later 

identified via powder X-ray diffraction as Th–2, were obtained. Crystals of Th–1 generally can 

be described as colorless blocks that possess moderate stability under ambient conditions, yet are 

hygroscopic and will decompose in air upon extended exposure (>30 min). Crystals of Th–2 are 

similarly colorless but adopt a prismatic morphology and are much more air sensitive than Th–1; 

decomposition can occur over several minutes if not kept under inert conditions or under paratone. 

Yield estimations, elemental analysis, and subsequent bulk analysis were complicated by the 

difficulty in manually separating the two phases coupled with the instability of the compounds. 

4.9.3 X-ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters   

Single crystal X-ray diffraction data for all compounds were collected using a Bruker Quest 

D8 diffractometer equipped with an IμS X-ray source using Mo Kα radiation (λ=0.71073 Å) and 

a CMOS detector at 100 K. Single crystals were isolated from the bulk and mounted on MiTeGen 

Micromounts™ in mineral oil. Unit cells were identified using APEX2 and the data were 

integrated and filtered for statistical outliers using SAINT.284 An absorption correction was applied 

to both compounds using SAINT/SADABS v2014/2.284 The structures were solved using intrinsic 

phasing methods and refined using SHELXL285 within the ShelXle286 software program. Figures 
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highlighting the structures reported herein were created using CrystalMaker (version 9.1.1). Unless 

otherwise noted, all H atoms were placed in calculated positions and assigned as 1.2 times carrier 

Ueq. Crystallographic details for the compounds are presented in Table 4.3. 

Th–1 (100 K). A structural model consisting of Th bound to two chlorides and three water 

molecules, one free Cl anion, one-half pyridinium cation, and one full pyridinium cation per 

asymmetric unit was developed. The latter pyridinium ring was disordered over a symmetry site 

and refined using a PART −1 command, which ignored the symmetry of the ring to allow for the 

proper assignment and placement of each atom in the ring. The ring was further constrained to be 

a perfect hexagon and restrained to behave isotropically. The anisotropic U values of the entire 

structure were restrained with rigid bond restraints. Water H atoms were located in the difference 

map and their corresponding distances were restrained to be 0.88(0.02) Å. The H atom bound to 

the nitrogen within the non-disordered pyridinium ring was located in the difference map and 

restrained to a distance of 0.86(0.02) Å. The H atom on the disordered pyridinium cation could not 

be found and was therefore placed in a calculated position. 

Th–2 (100 K). A structural model consisting of two-thirds of the Th trimeric unit, two free 

Cl anions, and three and one-half pyridinium cations per asymmetric unit was developed. Three of 

the pyridinium rings (rings containing N1–N3) were positionally disordered and therefore 

restrained to behave relatively isotropic. Rigid bond restraints were additionally applied. One of 

the pyridinium rings (rings containing N4) was constrained to be a perfect hexagon. The nitrogen 

atom (N1) on one of the pyridinium rings was constrained to have equal anisotropic displacement 

parameters of a nitrogen atom (N4) on another pyridinium ring. Water H atoms and hydroxide H 

atoms were located in the difference map. The O–H distances were restrained to be 0.88(0.02) Å. 
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The pyridinium N–H atoms could not be located in the difference map and thus were placed in 

calculated positions at 0.86(0.02) Å. 

Table 4.3 Crystallographic details for Th–1 and Th–2 at 100 K. 

 Th–1 Th–2 
formula C10H20Cl6N2O4Th C35H51Cl14N7O7Th3 

MW (g	mol!") 677.02 1874.24 
T (K) 100(2) 100(2) 

crystal system orthorhombic monoclinic 
space group Pnma C2/c 
𝜆	(Å) 0.71073 0.71073 
𝑎	(Å) 13.7454(7) 18.8079(8) 
b (Å) 12.1382(6) 13.3050(5) 
c (Å) 12.2247(6) 24.3184(10) 
𝛼	(deg) 90 90 
𝛽	(deg) 90 108.327(1) 
𝛾	(deg) 90 90 

volume (Å#) 2039.62(18) 5776.7(4) 
Z 4 4 

𝜌	(mg	m!#) 2.205 2.155 
𝜇	(mm!") 8.112 8.399 

R1 0.0297 0.0202 
wR2 0.0703 0.0375 
GOF 1.391 1.044 

CCDC 1904844 1904843 
 
 
 

4.9.4 Powder X-ray Diffraction 

 Data were collected on a Rigaku Ultima IV X-ray diffractometer (Cu Kα radiation, λ=1.542 

Å) at room temperature using a D/teX silicon strip detector from 3–40° 2θ. Agreement between 

the calculated patterns for Th–1 and Th–2 and the experimentally observed pattern for the bulk 

sample (Appendix A.1–A.2) confirmed not only that the phases co-precipitated, but also supported 

the assumption that the two phases used for structure determination were representative of the bulk 

sample.  
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4.9.5 Raman/IR Spectroscopies 

Infrared spectra were attained using a PerkinElmer Spectrum 2 FTIR spectrometer with an 

ATR-FTIR stage. Crystals of selected compounds were placed directly on the stage and collected 

over Δν 400−4000 cm−1. Raman spectra were collected on single crystals using a Horiba LabRAM 

HR Evolution Raman spectrometer with circularly polarized radiation and an excitation line of 

532 nm. Data were collected at room temperature over Δν 100−4000 cm−1.  

4.9.6 Small Angle X-ray Scattering (SAXS)  

The bulk sample containing crystals of Th–1 and Th–2 was dissolved in water at three 

concentrations (5, 15, and 30 mg/mL) to examine the stability of the complexes upon dissolution. 

Note: it was impossible to manually separate a phase pure sample of Th–2 from Th–1, so we 

assume we start with a mixture of both trimer and monomer. However, since SAXS is a solution 

technique, conversion from monomer to trimer, or vice versa can be observed and tracked under 

different solution conditions. All solutions were filtered (Target2 NYLON, 0.45 μm) and sealed in 

1.5 mm glass capillaries (Hampton Research). Data were collected on an Anton-Parr SAXSess 

instrument using Cu Kα radiation (λ=1.542 Å) and line collimation. Data were recorded over the 

q range of 0.08−2.5 Å−1 on an image plate detector, at a distance of 26.1 cm from the X–ray source. 

SAXSQUANT software was used for data collection, treatment, and preliminary analyses 

(normalization, primary beam removal, background subtraction, desmearing, and smoothing). 

Further modeling of the data was performed using the IRENA287 macros within the IGORPro 6.3 

software suite. Simulated scattering curves of the monomer in Th–1 and the trimer in Th–2 were 

calculated from SolX288 using a structural file (xyz) derived from the SCXRD data. 
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4.9.7 Computational Details for the Reaction Energetics between Th–1 and Th–2  

 The geometries were optimized at the density functional theory (DFT)289 level with the 

hybrid B3LYP.290-291 Initially, the DFT–optimized DZVP2 basis set292 for H, O, and Cl atoms were 

used and then we reoptimized the structures with the augcc-pVDZ293-294 basis sets for H and O, 

aug-cc-pV(D+d)Z for Cl,295-296 and cc-pVDZ-PP basis sets297 for Th using Gaussian09 program 

system.298 Vibrational frequencies were calculated to show that the structures were minima. For 

comparison, single point CCSD(T) calculations were performed at aug-cc-pVDZ/cc-pVDZ-PP 

(Th) level. The single point MP2299-300 energies were extracted from the CCSD(T) calculations. 

The CCSD(T) calculations utilized the MOLPRO program.301 

 Using the gas phase geometries, the solvation free energies in water at 298 K were 

calculated using the self-consistent reaction field (SCRF) approach302 with the COSMO 

parameters303-304 as implemented in Gaussian 03.305 For the COSMO [B3LYP//DZVP2/augcc-

pVDZ(-PP)] calculations in Gaussian, the radii developed by Klamt and co-workers were used to 

define the cavity.303-304 The aqueous Gibbs free energy (free energy in aqueous solution), ΔGaq, 

was calculated from Equation 4.1. The ΔGaq values were corrected by 4.3 kcal/mol for each water 

molecule. 

   ΔGaq = ΔGgas + ΔΔGsolv   (Equation 4.1) 

ΔGgas is the gas phase free energy and ΔΔGsolv is the aqueous solvation free energy calculated as 

differences between the conjugate base and the acid. A dielectric constant of 78.39 corresponding 

to that of bulk water was used in the COSMO calculations. The solvation energy is reported as the 

electrostatic energy (polarized solute−solvent). 
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CHAPTER 5: URANIUM(IV) CHLORIDE COMPLEXES; UCL62– AND AN 

UNPRECEDENTED U(H2O)4CL4 STRUCTURAL UNITc 

 
5.1 Introduction 

In drawing on work highlighting the importance of second coordination sphere interactions on the 

stabilization of monomeric and trimeric ThIV–aquo–chloro complexes (Chapter 4), we examined 

the effects of pyridinium on the composition, identity, and periodicity of UIV–chloride complexes. 

Furthermore, the addition of other H-bond donors, such as carboxylic acids, alongside pyridinium 

were explored. Herein, we report the synthesis and structural characterization of two novel UIV 

compounds, one built from anionic UIVCl6
2– structural units and the other from an unprecedented 

UIV(H2O)4Cl4 complex, isolated from acidic aqueous solution. The structures have been determined 

by single crystal X-ray diffraction and characterized by Raman, infrared, and optical absorption 

spectroscopies. The magnetism of both compounds was also investigated. Density functional 

theory calculations were performed to predict the geometries, vibrational frequencies, and relative 

energetics of the UCl6
2– units. The importance of hydrogen bonding and other supramolecular 

interactions in the stabilization and/or crystallization of the unprecedented U(H2O)4Cl4 structural 

unit will be discussed. 

 

5.2 Synthetic Approach to Uranium(IV) Chlorides 

 The room temperature evaporation of a UIV/HCl(aq) solution containing pyridinium (HPy) 

under an inert atmosphere to complete dryness yielded (HPy)2UCl6 (U–3) in high yield (~98%). 

 
c Reproduced in part with permission from J. N. Wacker, M. Vasiliu, K. Huang, R. E. Baumbach, 
J. A. Bertke, D. A. Dixon, K. E. Knope. Inorg. Chem. 2017, 56, 9772-9780. Copyright © 2017 
American Chemical Society.  
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Addition of the polar amino acid L-serine alongside pyridinium; however, yielded 

U(H2O)4Cl4⋅(HPy⋅Cl)2 (U–1) in low yield (~13%) along with a few crystals of U–3. Yet, capping 

the reactions just prior to crystallization (approximately 60 μL of solution remaining) resulted in a 

notably higher yield (~51%); the rest of the U remained in solution. This observation points to the 

fact that the complex in U–1 is a significant product of the reaction, yet its isolation is somewhat 

delicate. Given the thermodynamic stability of compound U–3 relative to U–1 (see Section 5.4; 

Energetics of Formation), it is not surprising that the reaction ultimately ends in nearly complete 

conversion to the UCl62− unit upon complete evaporation of the solution. Further synthetic details 

and characterization of U–3 and U–1 can be found in Section 5.8. Crystallographic parameters are 

provided in Table 5.2.    

 

5.3 Structure Descriptions of Uranium(IV) Chlorides  

5.3.1 (HPy)2UCl6 (U–3) 

 The structure of (HPy)2UCl6, U–3, obtained at 100 K crystallized in the P1 space group. 

U–3 (100 K) is built from U(IV) metal centers that are bound to six chloride ions to form 

mononuclear, UCl62– anionic units that are charge balanced by pyridinium cations (Figure 5.1). U–

Cl bond distances range from 2.599(7)–2.661(6) Å, consistent with previously reported UCl62– 

compounds.222-226,267,306  As shown in Figure 5.1, U–3 contains weak hydrogen bonding 

interactions207,256 between the hydrogen bound to N1 of the pyridinium with chlorides (Cl1–Cl3) 

of the UCl62– structural unit. Nitrogen to chloride distances range from 3.297(2)–3.390(2) Å. 

Moreover, offset π–π stacking interactions between the pyridinium cations are present in the 

structure. The π–π interaction distances were found by measuring the linear distance between the 

calculated centroids (CHPy) that correspond to the centers of gravity of the aromatic rings: CHPy⋅⋅
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⋅CHPy 3.731(1) Å. Further, the displacement angle of the aromatic rings was calculated using an 

approach described previously by Janaik,208 and the angle between the vector normal to the plane 

of the pyridinium ring and the vector formed through the respective centroids was found to be 

21.8°. The centroid–centroid distances and the slip angles are consistent with weak π–π stacking 

interactions.208 

 

Figure 5.1 Illustration of U–3 collected at 100 K. The packing diagram shows UCl62– anionic 
units and charge balancing pyridinium cations. Dotted black lines highlight H-bonding 
interactions. Only those nitrogen⋅⋅⋅chloride distances within 0.2 Å of the sum of the van der Waals 
radii for N and Cl are depicted. (U=dark green, Cl=light green, N=blue).   
 
 The structure of U–3 collected at 296 K likewise consists of mononuclear UCl62– anionic 

units that are charge balanced by pyridinium cations (Figure 5.2). However, at 296 K, U–3 was 

found in the C2/m space group. Incremental cooling of a crystal of U–3 (10 K intervals) with 

subsequent unit cell data collections beginning at 296 K, down to 100 K, and back to 296 K 

revealed a reversible temperature-induced phase transition that reduced the symmetry of U–3 from 

C2/m (296 K) to P1 (100 K). Such a phase transition has been observed for other AnCl62– 

containing compounds.228,307-308 As compared to the structure obtained at 100 K, differences in the 
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bond distances and supramolecular interaction distances are observed at for U–3 at 296 K. U–Cl 

bond distances range from 2.605(2) to 2.644(2) Å. Weak hydrogen bonding interactions207,256 

between the hydrogen bound to N1 of the pyridinium with chlorides Cl2 and Cl3 of the UCl62– 

structural unit are similarly present in the structure. As shown in Figure 5.2, the pyridinium cations 

form bifurcated hydrogen bonding interactions with Cl2 and Cl3 ions to yield 1–dimensional 

chains with N1–H⋅⋅⋅Cl2 and N1–H⋅⋅⋅Cl3 distances of 3.383(1) Å and 3.304(1) Å respectively. 

 

Figure 5.2 Illustration of U–3 collected at 296 K. The packing diagram highlights the hydrogen 
bonding interactions (black dotted lines) between the UCl62– anionic units and the pyridinium 
cations. Only those H-bonding interactions within 0.2 Å of the sum of the van der Waals radii for 
N and Cl are depicted. Disorder of the pyridinium rings is not shown for clarity.    
 

5.3.2 U(H2O)4Cl4⋅(HPy⋅Cl)2 (U–1) 

 The structure of U(H2O)4Cl4⋅(HPy⋅Cl)2, U–1, consists of U(IV) metal centers that are eight-

coordinate, bound to four chloride ions and four water molecules to form an overall charge neutral 

complex as shown in Figure 5.3. Bond distances for U–O(H2) and U–Cl are 2.399(6)–2.464(7) Å 

and 2.658(2)–2.726(2) Å, respectively. Two pyridinium cations and two chloride anions exist in 
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the outer coordination sphere per structural unit. Weak to moderate hydrogen bonding207,256 

interactions are present in the structure of U–1 (Figure 5.3). As in both structures of U–3, U–1 

contains weak N–H⋅⋅⋅Cl hydrogen bonding. However, those intermolecular interactions between 

the pyridinium N and bound water molecule affords the shortest interaction with a N1–H⋅⋅⋅O3(H2) 

donor-acceptor distance of 2.934(13) Å. H-bonding further occurs between the outer coordination 

sphere chloride ions and the metal-bound water molecules yielding O2–H⋅⋅⋅Cl4 and O3–H⋅⋅⋅Cl4 

distances of 3.035(6) and 3.051(6) Å, respectively.  

 

Figure 5.3 Illustration of U–1. The packing diagram highlights the supramolecular network that 
is formed via hydrogen bonding (dotted black lines) between the U(H2O)4Cl4 units and the outer 
coordination sphere pyridiniums and chloride ions. Offset π–π stacking interactions between the 
pyridinium rings are also present in the structure. Only those H-bonding interactions within 0.2 Å 
of the sum of the van der Waals radii for the respective donor/acceptor atoms are shown. Disorder 
of the pyridinium rings is not shown for clarity. (U=dark green, Cl=light green, O=red, N=blue).      
 

Selected donor-acceptor distances are given in Table 5.1. Other weak intermolecular interactions 

including offset π–π stacking are present in U–1 and serve to further connect the U(H2O)4Cl4 units 
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into an extended supramolecular network. The CHPy⋅⋅⋅CHPy centroid distance and slip angle 

between the pyridinium rings are 3.589(1) Å and 19.2°, respectively. 

Table 5.1 Selected intermolecular nonbonding distances (Å) and angles (°) in U–1. 

Interaction Distance (Å) (D⋅⋅⋅A) Angle (°) (<D–H⋅⋅⋅A) 

O(1)H⋅⋅⋅Cl(3) 3.035(2) 160 

O(2)H⋅⋅⋅Cl(1) 3.122(2) 146 

N(11)H⋅⋅⋅O(3) 2.934(2) 140 

N(11)H⋅⋅⋅Cl(2) 3.456(2) 131 

Cg(HPy)	⋅⋅⋅Cg(Hpy’) 3.589(1) 19.2 

 
 
5.4 Computational Investigation of the Structures and Energetics of Formation 

The electronic structure of UCl6
– and UCl6

2– have been examined in detail using high level 

electronic structure methods where it has been shown that the electronic structure of UCl6
2– is quite 

complicated.309 Our approach involves using density functional theory (DFT) benchmarked by 

coupled cluster CCSD(T) calculations. We first showed that the UCl6
2– ion is substantially 

stabilized in aqueous solution and that these energetics are not strongly basis set or method 

dependent. Two isomers of U(H2O)4Cl4 were calculated and the lowest energy structure is that 

with the four Cl ligands moved just out of a plane with three H2O molecules below the plane and 

one above it, consistent with that observed in the crystal structure of U–1 (Figure 5.3). The second 

structure has one Cl axial and its position in the approximate plane is replaced by one H2O and is 

1.7 kcal/mol higher in energy at the B3LYP level (Appendix D.1). The optimized geometry for 

UCl6
2– has a bond distance of 2.69 Å, which is 0.08–0.09 Å longer than experiment consistent with 

errors due to use of the B3LYP functional and the fact that the isolated gas phase dianion will have 
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longer distances than in the crystal. The calculated U–Cl bond distances in U–1 range from 2.62 

to 2.66 Å, which is roughly 0.06 Å shorter than experimental bond lengths. Consistent with this 

difference and the use of the B3LYP functional, the calculated U–O(H2) bond distances are longer 

than experiment by 0.12–0.25 Å. DFT calculations with the local SVWN functional310-311 give a 

U–Cl bond distance of 2.62 Å for U–3 in excellent agreement with experiment. For U–1, the local 

DFT U–Cl bond distances are predicted to be in the range of 2.55–2.64 Å, about 0.1 Å less than 

experiment. However, the calculated U–O(H2) bond distances are now in better agreement with 

experiment ranging from 2.44 to 2.64 Å.  

 The energetics of the reaction of U(H2O)4Cl4 to form the dianion (Section 5.8.7, Equation 

5.2) were predicted to be endothermic in terms of enthalpy at 298 K in the gas phase but are 

predicted to be exothermic in the gas phase and in aqueous solution with ΔG(g) = –14 kcal/mol and 

ΔG(aq) = –10 kcal/mol at the B3LYP level and with ΔG(g) = –5 kcal/mol and ΔG(aq) = –1 kcal/mol 

at the CCSD(T) level. The results clearly show that in aqueous solution the complex observed in 

U–1 (Section 5.8.7, Equation 5.2) will release water to generate the dianion observed in U–3, found 

experimentally, even without the presence of the non-coordinating counter-cations. 

 

5.5 Spectroscopic and Magnetic Properties of Uranium(IV) Chlorides 

5.5.1 Vibrational Spectroscopy  

The calculations also enabled us to predict the vibrational spectra and IR/Raman intensities 

of U–3 and U–1 and to compare the results to the experimental findings (Figure 5.4 – Figure 5.5). 

As shown in Figure 5.4, the IR data collected experimentally indicated several similarities between 

U–3 and U–1 at lower wavenumbers (∆𝜈 600–1650 cm–1), which is expected due to pyridinium 

being present in both compounds. However, not surprisingly, peaks attributed to vibrational modes 
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of H2O are present in U–1, but not U–3, including a band at 538 cm–1. Computational studies 

predicted this stretch to be a H2O bend at 539 cm–1. Additional H2O bends in U–1 were predicted 

at 1597 and 1615 cm–1, observed experimentally at 1602 and 1616 cm–1, respectively. Most 

important is the signature symmetric and/or asymmetric stretches of water present in U–1, centered 

at 3424 cm–1. The most intense H2O symmetric and asymmetric stretches were predicted to be at 

3780 and 3855 cm–1, respectively, for the isolated molecule. This clear difference between the 

calculated and observed vibrations can be attributed to the extensive network of hydrogen bonding 

present in the solid, just as observed in bulk water.261,265,309-311  

 

Figure 5.4 Calculated infrared frequencies and experimental observations plotted for U–3 
and U–1. Calculated (black dotted line) and experimental data for U–3 (blue) and U–1 (red) are 
shown over 400–4000 cm–1. 
 
 Distinct Raman peaks were more easily identifiable in comparison to IR stretches shown 

in Figure 5.5. For U–3, the Raman U–Cl stretches are calculated to be in the range of 210 to 275 

cm–1 with the most intense symmetric stretch band at 272 cm–1. Experimentally, U–Cl stretches 

were observed between 228–305 cm–1 with the most intense Raman band at 305 cm–1. For the 

isolated molecule observed in U–1, the unscaled H2O O–H stretches are predicted to be in the 
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range of 3700–3900 cm–1. Experimentally, the H2O O–H stretches are not observed in this range, 

although there is a broad band centered at 3350 cm–1 that may be attributed to the H2O O–H 

vibrations whose features are shifted due to the extensive hydrogen bonding network in the 

solid.261-265 Computational results predicted the four H2O H–O–H bends in the region of 1595–

1630 cm–1. The peaks at 1606 and 1630 cm–1 in U–1 could be associated with this bend, but these 

peaks are also observed in U–3 and are consistent with pyridinium 𝜈(C = N) stretches that are 

typically observed in the range of 1610–1640 cm–1.260 The H2O group inversion motions are 

calculated in the range of 400–600 cm–1 with weak Raman intensities, which are observed 

experimentally at 393 and 609 cm–1. The U–O(H2) and U–Cl stretches are all predicted to be less 

than 310 cm–1.  

 

Figure 5.5 Calculated Raman frequencies versus experimental observations for U–3 and U–
1. Calculated (black dotted line) and experimental data for U–3 (blue) and U–1 (red) are shown 
over 400–4000 cm–1. 
 
The most intense Raman band is predicted to be a mixed U–O(H2) plus U–Cl stretch at 308 cm–1; 

the most intense experimentally observed Raman peak is at 257 cm–1. The remaining mixed U–

O(H2) and U–Cl stretches are calculated to be in the region of 220–290 cm–1 and have low Raman 



 84 

intensities; experimentally the range is larger extending from 185–353 cm–1. Overall, the 

computationally predicted ranges are in agreement with U–ligand vibrations seen experimentally. 

Earlier studies have also defined the range between 50 and 350 cm–1 as UCl6
2– lattice and internal 

vibrations, consistent with experimental results reported in this work.308,312-315Previous reports of 

similar AnCl6
2– compounds charged-balanced by pyridinium derivatives have indicated the 

difficulty in experimentally identifying metal–ligand peaks due to the high relative intensity of the 

pyridinium stretches.227 Similarly, the most intense Raman bands in the spectra of U–3 and U–1 

are associated with pyridinium at 1008 cm–1, 1027 cm–1, and 3090 cm–1, which are consistent with 

literature values for pyridine in 10% HCl.260 Peak-shifts indicate pyridinium’s involvement as a 

BrØnsted acid within the crystal structure.260  

5.5.2 Electronic Absorption Spectroscopy 

 The optical absorption spectra of U–3 and U–1 contain peaks that correspond to 

characteristic UIV f–f transitions and exhibit features similar to those that have been previously 

reported for tetravalent uranium.316-320 Seen in Figure 5.6, absorption bands can be attributed to 

transitions from the 3H4 ground state to a variety of excited states. Compound U–3 exhibits 

transitions at 405, 452, 484, 528 nm (3H4 → 3P2/1I6), 596, 634, 660, 670 nm (3H4 → 3P1/3P0/1D2/1G4), 

774 nm (3H4 → 3H6), 1057 and 1085 nm (3H4 → 3F4/3F3). Compound U–1 has a noticeably fewer 

absorption bands in comparison to that of U–3. The peaks at 441, 499, 562, 611, 636, 672, the 

broad band centered at 875 and 923, and 1099 nm correspond to transitions from 3H4 to 3P2, 1I6, 

3P1, 3P0, 1G4, 1D2, 3H6, and 3F3/3F4, respectively. Differences in the absorption spectra of U–3 and 

U–1 can be attributed to differences in coordination number and crystal field effects that are known 

to give rise to considerable differences in the spectra of UIV compounds.321 Such is the case 

reported here wherein the UIV metal centers in U–3 are octahedrally coordinated and exhibit 
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transitions similar to previously reported UCl62– ions.320 Conversely in U–1 the UIV metal centers 

are eight coordinate and yield absorption bands analogous to previously reported uranium 

compounds that are coordinated to eight or more ligands.318-319 

 

Figure 5.6 Overlay of UV-vis-NIR spectra with corresponding transitions for U–3 and U–1. 

 
5.5.3 Magnetic Properties  

 The magnetic susceptibilities for U–3 and U–1 are displayed in Figure 5.7 as 1/χ and 

effective magnetic moment μeff = 2.82[sqrt(χT)] as a function of temperature, where U–3 and U–1 

are represented by the red triangles and black circles, respectively. For U–1, the linear temperature 

dependence of the inverse magnetic susceptibility is typical for Curie-Weiss behavior and was fit 

to the Curie−Weiss equation 1/χ = (T − ΘCW)/C in the temperature range of 300 K down to 100 K 

(Appendix E.2). From the fit we obtain a Curie−Weiss temperature ΘCW = −384 K and an effective 

magnetic moment μeff = 3.8 μB, experimentally close to the expected value of 3.58 μB calculated 
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from Russell-Sanders coupling for a 3H4 ground state and in good agreement with previously 

reported investigations.212,322-327 However, the ground state of U–1 appears to be nonmagnetic, as 

seen in μeff decreasing with decreasing temperature. This may be due to crystalline electric field 

(CEF) splitting as has been observed in Pr and U containing materials.328-329 Unlike U–1, the 

magnetization of U–3 behaves as a Pauli paramagnet with mostly temperature independent 

behavior. For U–3, the modified Curie-Weiss fit was performed using the equation 1/(χ − χ0) = (T 

− ΘCW)/C and found a significantly reduced μeff = 0.8 μB/U(IV), much lower than the expected 

3.58 μB/U(IV) for magnetic U. 

 

Figure 5.7 Effective moment and inverse magnetic susceptibility of U–3 and U–1 in an 
applied field of 5000 Oe. Note: the effective moment was calculated through μeff = 2.82[sqrt(χT)]. 
Inset: isothermal magnetization at T = 1.8 K.  
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5.6 Discussion 

Despite the prevalence of AnIV−chlorides built from AnCl6
2–, few solid-state examples of 

An−aquo−halide compounds such as that reported here have been identified in the solid state. 

Thorium(IV) has been shown to form [Th(H2O)10]Br4 and [Th(μ2−OH)2Cl2(H2O)12]Cl4·2H2O from 

acidic HBr and HCl solutions, respectively.88,129 The UIV–aquo–chloro compound reported in this 

work is isomorphous to the previously reported ThIV–aquo–chloro complex from Ch. 4 (Th–1). It 

is also worth highlighting that Kiplinger et al. isolated a Th(H2O)4Cl4 species by refluxing 

Th(NO3)4·(H2O)5 in 12 M HCl, followed by recrystallization in tetrahydrofuran or 1,4−dioxane.235 

By comparison, the UIV complex reported here was isolated in ~5 M acid at room temperature. 

Further, the metal bound chloride ions and water molecules in U−1 adopt a different arrangement 

in that four chloride ligands are moved just out of a plane with three water molecules below and 

one above the plane. This is in contrast to the arrangement observed for Th(H2O)4Cl4 reported by 

Kiplinger and co-workers that exhibits a distorted square antiprism coordination geometry with 

two planes, each formed by two water molecules and two chloride ions, offset from one another. 

Related PuIII compounds such as cis–Cs[PuIIICl4(H2O)4] and trans–Cs5[PuIIICl4(H2O)4]Cl4·2H2O, 

have also been reported.274-275  

 UIV−aquo−chloro species are notably absent from descriptions of UIV−chloride solid state 

structural chemistry. However, related species have been observed using extended X-ray 

absorption fine structure spectroscopy (EXAFS) in aqueous UIV chloride solutions.270 In solutions 

with 3−9 M [Cl−], it was shown that with increasing chloride concentration, chloride ions displaced 

water molecules from the inner coordination sphere of the metal to form three UIV−aquo−chloro 

species including U(H2O)8Cl3+, U(H2O)6–7Cl2
2+, and U(H2O)5Cl3

+. Consistent with the latter two 

solution species proposed by Hennig et al., the UIV metal center in U−1 is eight-coordinate. 
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However, the neutral U(H2O)4Cl4 complex isolated in this work is compositionally different and 

has not been proposed previously. To the best of our knowledge, this species has yet to be reported 

in descriptions of UIV aqueous chemistry and may have significant implications for our 

understanding of UIV speciation under acidic, aqueous conditions, particularly for those systems in 

which H-bond donor “spectators” are present. Given the extensive hydrogen bonding and 𝜋−𝜋 

stacking present in both phases of U−3 and U−1, it is hypothesized that supramolecular or outer 

coordination sphere interactions may facilitate the crystallization of these species, particularly the 

UIV−aquo−chloro complex observed in U−1, and allow for its subsequent observation in the solid 

state.  

 Moreover, isolation of U−1 was found to occur in the presence of L–serine, which 

suggested that the carboxylic acid might have a role in stabilizing and/or precipitating this novel 

compound. Our computational studies indicated a distinct favorability of the UCl6
2– complex; the 

U(H2O)4Cl4 structural unit was found to release water to form UCl6
2– with an aqueous Gibbs free 

energy of ΔG(aq) = –10 kcal/mol at the B3LYP level and ΔG(aq) = –1 kcal/mol at the CCSD(T) 

level. Despite the energetic favorability of UCl6
2–, U(H2O)4Cl4 is still observed.  It should be noted 

that at increased concentrations of pyridinium, absent L–serine, U–3 has been observed. Yet 

whereas the synthesis with L–serine reproducibly yields U–1, compound U–1 has only been 

observed on one occasion in those systems absent a carboxylic acid. These results may collectively 

point to the importance of H-bonding donors on the stabilization of the U(H2O)4Cl4 unit observed 

in U–1. In other words, the supramolecular interactions present in U–1 may provide an extended 

network capable of stabilizing and/or crystallizing the unprecedented UIV–aquo–chloro complex. 

However, it is interesting to note that efforts to prepare U–1 using other amino acids including L–

alanine, L–cysteine, L–proline, L–lysine, and L–threonine (a close structural analogue of L–serine), 
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resulted only in the formation of U–3. The role that these interactions, and particularly L–serine, 

play in stabilizing and/or crystallizing the U(H2O)4Cl4 structural unit and more generally affecting 

UIV solid state speciation remains unclear; however, given the novelty of the structural unit isolated 

in this work, it warrants further investigations.  

 

5.7 Conclusion / Outlook 

 The synthesis, structure, and optical and magnetic behavior of two UIV compounds isolated 

from acidic aqueous solution are reported. U(H2O)4Cl4⋅(HPy⋅Cl)2 represents a novel UIV–aquo–

chloro complex that, to the best of our knowledge, was the first observation of a UIV–aquo–chloro 

complex in the solid state. Computational studies confirmed the energetic favorability of the 

UCl62− unit, as observed here in U–3 at both 100 and 296 K. The predicted energetics of the 

reaction of U(H2O)4Cl4 to form the UCl6 dianion coupled with no previous reports of a UIV–aquo–

chloro complex may point toward the importance of hydrogen bonding and thus supramolecular 

interactions in the stabilization of the U(H2O)4Cl4 structural unit. These results may lend further 

evidence to the importance of outer coordination sphere interactions on the relative stability and 

formation of aqueous metal ion species. However, the role that outer coordination sphere 

interactions play in stabilizing this structural unit – or more generally directing speciation – is still 

unclear. Yet, given the importance of the identity of the metal ion in understanding aqueous 

behavior, these results warrant further investigation into the stability of UIV–aquo–halides, related 

U species, and other AnIV–chloride systems. To further assess structural periodicity in the presence 

of H-bond donors across the An(IV) series, similar experiments were extended to ThIV and PuIV. 

The results are described in the following Chapter (Ch. 6).    
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5.8 Experimental Details 

5.8.1 General Considerations 

 Caution: 238U is an α–emitter and standard precautions for handling radioactive materials 

should be followed when performing the syntheses that follow. Uranium tetrachloride (UCl4) was 

synthesized according to the procedure outlined in Section 3.2. Chemicals used for the syntheses 

of compounds U–3 and U–1 including pyridine (Alfa Aesar), hydrochloric acid (Fisher Chemical), 

and L-serine (Fisher Scientific) were used as received from commercial suppliers. Aqueous 

solutions were prepared using nanopure water (≤0.05 μS) purified by a Millipore Direct-Q 3UV 

water purification system. 

5.8.2 Syntheses 

 (HPy)2UCl6 (U–3). An aqueous solution of UIV in HCl was prepared in a 3 mL shell vial 

by dissolving UCl4 (0.05 g, 0.13 mmol) into 1 M HCl (0.5 mL). Pyridine (20 μL, 0.25 mmol) was 

added and the solution was left to completely evaporate under a nitrogen atmosphere. After 

approximately 14 days, large green crystals formed. Elemental Analysis: Found: C, 19.25; H, 2.4; 

N, 4.65. Calc. for C10H12Cl6N2U: C, 19.7; H, 2.0; N, 4.6%. Yield based on uranium: 0.058 g, 

98.3%. 

 U(H2O)4Cl4·(HPy·Cl)2 (U–1). The synthesis that resulted in the formation of U–3 was 

repeated in the presence of L-serine. An aqueous solution of UIV in HCl was prepared in a 3 mL 

shell vial by dissolving UCl4 (0.05 g, 0.13 mmol) into 1 M HCl (0.5 mL). Pyridine (20 μL, 0.25 

mmol) and L-serine (0.01 g, 0.10 mmol) were added, and the resulting solution was left to 

evaporate under a nitrogen atmosphere. After approximately 12 days, just prior to complete 

evaporation, small, green, block-like crystals of U–1, along with a few crystals of U–3, and a minor 

unidentified phase, were observed with a yield of 13.4% for U–1. However, if the solution was 
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disturbed just prior to crystallization (approximately 60 μL of solution), the yield of U–1 was 

noticeably higher: 0.012 g, 51.4% based on U; the rest of the U remains in solution.  

5.8.3 X-ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters   

 Single crystals of U–3 and U–1 were isolated from the bulk and mounted on MiTeGen 

MicroMounts™ in mineral oil. Single crystal X-ray diffraction studies were performed on a Bruker 

Quest D8 diffractometer equipped with an IμS X-ray source (Mo Kα radiation; λ=0.71073 Å) and 

a CMOS detector. Data for single crystals of U–3 were collected at 100 and 296 K as the compound 

was found to undergo a phase transition from C2/m to P1 upon cooling. Compound U–1 exhibited 

the same cell parameters and space group at 100 and 296 K, and therefore only the structure from 

the 100 K data collection is reported. Unit cells were identified using APEX2/Cell_Now for U–3 

(100 K) and APEX2 for U–3 (296 K) and U–1.284-285 The data were integrated and filtered for 

statistical outliers using SAINT and corrected for absorption using SAINT/SADABS/TWINABS 

v2014/2.284 No decay corrections were applied. All H atoms were included as riding idealized 

contributors unless otherwise noted below. H atoms located in the difference map were assigned 

as 1.5 times carrier Ueq, while all calculated H atoms were assigned as 1.2 times carrier Ueq. 

Crystallographic details for U–3 (100 K), U–3 (296 K), and U–1 are provided in Table 5.2. We 

note that the relatively higher wR2 for U–1 as compared to U–3 is due to weaker data at high 

angles. Further as U–1 does not undergo a phase transformation, unlike U–3, it is not the source 

of the higher wR2. Despite weaker data, the data are still acceptable with a wR2 value below three 

times the R1 value. 

 U–3 (100 K). The crystal exhibited non-merohedral twinning. Two distinct cells were 

identified which are related by the twin law (−0.997 −0.005 −0.812), (0.008 −0.999 −0.070), 
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(−0.009 −0.001 0.996). A structural model consisting of one-half of the UCl62− anion and one 

pyridinium cation per asymmetric unit was developed. The U and Cl positions were located in the 

initial structural solution of the Fourier map. Subsequent refinement allowed the remaining C and 

N atoms to be located in the Fourier map. The pyridinium N−H hydrogen atom was located in the 

difference map and the distance was allowed to freely refine. 

 U−3 (296 K). A structural model consisting of one-half of the UCl62− anion and one-half 

of a pyridinium cation per asymmetric unit was developed. The U and Cl positions were located 

in the initial structural solution of the Fourier map. Subsequent refinement allowed the remaining 

C and N atoms to be located in the Fourier map. The cation is disordered over asymmetry site and 

thus was modeled accordingly. The pyridinium N−H hydrogen atom could not be located in the 

difference map and thus was placed in a calculated position with a distance of 0.86(0.02) Å. 

 U−1 (100 K). A structural model consisting of one-half of the U(H2O)4Cl4 unit, one free 

Cl anion, and two half pyridinium cations per asymmetric unit was developed. The U and Cl 

positions were located in the initial structural solution of the Fourier map, and subsequent 

refinement allowed the remaining C, N, and O atoms to be located. One of the pyridinium rings is 

disordered over a symmetry site, and therefore the pyridinium atoms were restrained to behave 

isotropically. Water hydrogen atoms were located in the difference map. The O−H distances were 

restrained to be 0.88(0.02) Å. The U−H distances were restrained to be similar (esd 0.01 Å). The 

pyridinium N−H atoms could not be located in the difference map and thus were placed in 

calculated positions with a N−H distance of 0.88(0.02) Å.  
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Table 5.2 Crystallographic structure refinement details for U–3 (100 K, 296 K) 
and U–1 (100 K). 

 U–3 (100 K) U–3 (296 K) U–1 (100 K) 
formula C10H12Cl6N2U C10H12Cl6N2U C10H20Cl6N2O4U 

MW (g	mol!") 610.95 610.95 683.01 
T (K) 100(2) 296(2) 100(2) 

crystal system triclinic monoclinic orthorhombic 
space group P1 C2/m Pnma 
𝜆	(Å) 0.71073 0.71073 0.71073 
𝑎	(Å) 7.3318(5) 13.0357(4) 13.6596(9) 
b (Å) 7.9387(6) 8.6252(3) 12.0741(8) 
c (Å) 8.2528(8) 7.9764(2) 12.1593(8) 
𝛼	(deg) 81.573(3) 90 90 
𝛽	(deg) 66.790(2) 97.8830(10) 90 
𝛾	(deg) 83.400(2) 90 90 

volume (Å#) 435.85(6) 888.36(5) 2005.4(2) 
Z 1 2 4 

𝜌	(mg	m!#) 2.328 2.328 2.262 
𝜇	(mm!") 10.217 10.025 8.909 

R1 0.0129 0.0184 0.0343 
wR2 0.0312 0.0490 0.0875 
GOF 1.118 1.143 1.308 

CCDC 1523702 1523703 1523704 
  

5.8.4 Powder X-ray Diffraction 

 Powder X-ray diffraction data of U–3 (Appendix A.3) were measured using a Rigaku 

UltimaIV X-ray diffractometer with Cu Kα (λ=1.542 Å) radiation. Data were collected at room 

temperature using a scintillation counter detector from 3−40° 2𝜃. The bulk powder pattern of the 

reaction product from which U–1 (Appendix A.4) was isolated was measured using a Bruker 

APEX DUO with a CCD detector using Cu Kα (λ=1.542 Å) radiation. Data were collected at room 

temperature. 
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5.8.5 Raman/IR/UV-vis-NIR Spectroscopies 

 Raman spectra were recorded for single crystals of U–3 and U–1 using a Horiba LabRAM 

HR Evolution Raman spectrometer with an excitation line of 532 nm. Data were collected at room 

temperature over Δν 100−4000 cm−1 using circularly polarized radiation. In U–3, the baseline 

contains more noise compared to that of U–1 due to the reduced laser power (1% vs 3.2%) that 

was required to prevent oxidation of the crystal. Noise in the baseline of the spectrum of U–3 is 

also attributed to oil left on the crystal from unit cell determination via single crystal X-ray 

diffraction prior to collection of the Raman spectrum. Infrared spectra were obtained using a 

PerkinElmer Spectrum 2 FTIR spectrometer. Data were collected at room temperature. Powdered 

samples of both U–3 and U–1 were placed directly on the FTIR-ATR stage, and spectra were 

collected over Δν 400−4000 cm−1. UV-vis-NIR spectra for U−3 and U−1 were collected using a 

CRAIC 20/30 PV Technologies microspectrophotometer. Single crystals of U−3 and U−1 were 

placed on a quartz slide in oil and data were collected from 320−1100 nm. 

5.8.6 Magnetic Measurements 

 Magnetization measurements were performed for unaligned clusters of crystals using a 

Quantum DesignVSM Magnetic Properties Measurement System (MPMS), reaching temperatures 

from 300 K down to 1.8 K with an applied magnetic field of 5000 Oe. 

5.8.7 Computational Details 

 Electronic structure studies were performed in an effort to better understand the formation 

and stability of U–1 relative to U–3. The geometries were initially optimized at the density 

functional theory (DFT) level330 with the hybrid B3LYP exchange correlation functional291,331 with 

the DFT-optimized DZVP2 basis set292 for H, O, and Cl atoms and the cc-pVDZ-PP basis set for 

U.297 The geometries were further optimized at the DFT/B3LYP level with the aug-cc-pVnZ332 
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basis sets for H and O, aug-cc-pV(n + d)Z for Cl,333 and cc-pVnZ-PP basis sets for U (n = D, T). 

Vibrational frequencies were calculated to show that the structures were minima. The DFT 

calculations were done using the Gaussian09 program system.334 Single point R/UCCSD(T) 

calculations were performed with the same correlation consistent basis sets for n = D and T with 

MOLPRO.335-343 

 The solvation free energies in water at 298 K were calculated at the gas phase geometries 

at the B3LYP level using the self-consistent reaction field (SCRF) approach302 with the COSMO 

parameters304,344 as implemented in Gaussian 03.345 The aqueous Gibbs free energy (free energy 

in aqueous solution), ΔGaq, was calculated from Equation 5.1, 

   ΔGaq = ΔGgas + ΔGsolv   (Equation 5.1) 

where ΔGgas is the gas phase free energy and ΔGsolv is the aqueous solvation free energy. A 

dielectric constant of 78.39 corresponding to that of bulk water was used. The solvation energy is 

reported as the electrostatic energy (polarized solute−solvent). 

 The energetics of reaction (Equation 5.2) were calculated at the B3LYP and CCSD(T) 

levels with the aug-cc-pVDZ/cc-pVDZ-PP(U) basis set. 

  3U(H2O)4Cl4 + 2Cl– → 3UCl62– + 4H2O (Equation 5.2) 

 
 
 
 
 
 
 
 
 



 96 

CHAPTER 6: FROM THORIUM TO PLUTONIUM: TRENDS IN ACTINIDE(IV) 

STRUCTURAL CHEMISTRYd 

6.1 Introduction 

In this Chapter, a study is presented with three aims: (1) to establish trends in structural periodicity 

that exist from Th to Pu, (2) to harness noncovalent interactions for the isolation of elusive actinide 

chloride complexes, and (3) to elucidate the correlation between solution species and solid-state 

structural units. To this end, we have investigated the structural chemistry of ThIV, UIV, and PuIV 

complexes that form (and precipitate) under acidic aqueous conditions in the presence of a catalog 

of non-coordinating H-bond donors (Figure 6.1). Motivation for the expansion to other N–

heterocycles was built on work presented in Chapters 4 and 5 wherein pyridinium (HPy) was 

employed as a counter-ion, leading to the isolation of unique ThIV and UIV structural units. Herein, 

a series of noncoordinating counter-ions all loosely maintain the similar aromatic “backbone” 

structure of HPy, but vary in the functional groups bound to the aromatic backbone, the number 

of aromatic rings capable of 𝜋–𝜋 stacking, and the number of heteroatoms adept for hydrogen 

bonding. Further, the N–heterocycles (Figure 6.1), wherein pKa and hence H-bond donation 

strength was tuned, were used in an effort to assess the relative impact of these counter-cations, 

capable of engaging in noncovalent interactions, on species formation and stability. 

Herein we report the synthesis of eighteen AnIV chloride-based compounds that are built 

from [An(H2O)xCly]4−y (x=4−7 and y=2−4) or AnCl62− structural units charge-balanced by 

protonated nitrogen-containing heterocycles. Breaks in the solid-state structural chemistry of the 

early actinides are examined, with Th forming exclusively Th−aquo−chloro species and Pu 

 
d Reproduced in part with permission from J. N. Wacker, S. Y. Han, A. V. Murray, N. A. Vanagas, 
J. A. Bertke, J. M. Sperling, R. G. Surbella, K. E. Knope, Inorg. Chem. 2019, 58, 10578-10591. 
Copyright © 2019 American Chemical Society. 
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adopting only PuCl62− structural units. Using UV-vis-near-IR (NIR) absorption, IR, and Raman 

spectroscopies, the relationship between the solution species and solid-state structural units is also 

examined. 

 

Figure 6.1 Summary of the N−H heterocycles used in this Chapter and their corresponding 
pKa values.346-347   
 

6.2 Synthetic Approach to Actinide(IV) Chlorides and Characterization Strategy 

The general synthesis for all compounds involved preparation of an aqueous AnIV stock 

solution in HCl(aq) (3 M) to which various nitrogen-containing heterocycles (1 mole equivalent 

based on the An) were added. Details of each synthesis are provided in Sections 6.7.1–6.7.4. 

Crystals were obtained through evaporation of the solution, and crystalline reaction products were 

characterized by single-crystal X-ray diffraction. Crystallographic parameters are located in Table 

6.4. For selected thorium, uranium, and plutonium compounds, additional characterizations were 

performed, such as Raman, IR, and electronic absorption spectroscopies. For plutonium 

compounds, thorough characterization, yield calculations, and elemental analyses were not 

performed because of the radiological hazards and sample size. However, based on other reported 

PuCl62− analogues, the yields are expected to be fairly high.223,348 Characterization methods for the 

compounds presented in this Chapter can be found in Section 6.7.  
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6.3 Structure Descriptions of Actinide(IV) Chlorides 

Evaporation of acidic aqueous chloride solutions containing thorium, uranium, or 

plutonium with five nitrogen heterocycles (3-ClPyH, H2bipy, 4-OHPyH, HPhthal, and 3-MePyH) 

yielded eleven crystallographically unique structure types. Collectively, the structures are built 

from five distinct mononuclear molecular complexes (Figure 6.2).  

 

Figure 6.2 Illustration of the five distinct structural units observed in the An compounds 
(An=Th, U, Pu) presented in this Chapter. (a) Th–4, (b) An–5, (c) An–6 (An=Th, U) and Th–
8, (d) Th–7 and U–12, and (e) An–9, An–10, An–11, An–13, and An–14 (An=U, Pu). Blue and 
dark green spheres represent AnIV metal centers. Red and green spheres are O and Cl, respectively. 
 

The resulting thorium compounds consist of one unique eight-coordinate Th(H2O)4Cl4 or three 

distinct nine-coordinate Th(H2O)xCl9−x (x=5−7) complexes (Figure 6.2a−d). Uranium is observed 

to form nine-coordinate U−aquo−chloro complexes of composition U(H2O)xCl9−x (x=5 or 7) or 

eight-coordinate U(H2O)4Cl4 or otherwise adopt the UCl62− dianion (Figure 6.2b−e). Plutonium 

exclusively exists as the PuCl62− dianion in the solid state (Figure 6.2e). Summaries of the bond 

distances are given in Tables 6.1 and 6.2. Overall, the structures adopt extended supramolecular 

networks that result from noncovalent interactions including hydrogen-bonding, halogen-bonding, 

and 𝜋–𝜋 stacking interactions. For the An−aquo−chloro compounds, one representative example 

(Th–4) that exemplifies the extended supramolecular assemblies that result from weak nonbonding 

interactions is presented. Summary tables of the noncovalent interactions present in the remaining 
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structures are provided in Appendix G.1–G.19. For those compounds built from AnCl62− units, 

brief descriptions of the supramolecular assemblies are provided.  

Table 6.1 Average bond distances in An–aquo–chloro compounds. 

 An–Cl (Å) An–OH2 (Å) 

Th–4 2.769(38) 2.509(33) 

Th–5 2.808(34) 2.503(40) 

Th–6 2.747(36) 2.473(21) 

Th–7 2.757(30) 2.481(39) 

Th–8 2.720(53) 2.509(98) 

U–5 2.751(34) 2.469(49) 

U–12 2.772(01) 2.414(26) 

U–6 2.691(41) 2.423(39) 

 

Table 6.2 Average An–Cl bond distances in AnCl62– based compounds. 

 U–Cl (Å) Pu–Cl (Å) 

An–9 2.623(25) 2.593(26) 

An–10 2.622(06) 2.595(05) 

An–11 2.623(12) 2.592(07) 

An–13 2.627(17) 2.591(15) 

An–14 2.622(21) 2.592(20) 

 

Compound [Th(H2O)6Cl3]Cl·(3-ClPyH·Cl) (Th–4) crystallizes in the triclinic space group 

P1. The structure is built from a nine-coordinate ThIV metal center that is bound to six water 
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molecules and three chloride ligands to form mononuclear [Th(H2O)6Cl3]1+ cationic units (Figure 

6.2a) that are charge-balanced by outer coordination sphere Cl− anions. Protonated 3-ClPyH+ 

cations and additional Cl− anions exist in the crystal lattice. As shown in Figure 6.3a–b, O−H···Cl 

interactions between Th–bound water molecules and chlorides of adjacent [Th(H2O)6Cl3]1+ units 

as well as O−H···Cl interactions between bound water molecules and free chloride ions link the 

mononuclear units into “thick” two-dimensional sheets that propagate in the (001) plane. N−H···Cl 

interactions between the 3-ClPyH+ cations and outer-sphere Cl– ions as well as halogen-bonding 

(Cl···Cl) interactions349 between the Cl of 3-ClPyH and the thorium–bound Cl further connect the 

units into a 3D supramolecular network. No significant 𝜋–𝜋 stacking interactions are present in 

the structure. 

 
 

Figure 6.3 Illustrations of Th–4. Packing diagrams highlight (a) a sheet formed through 
O−H···Cl interactions and (b) a supramolecular network formed through N−H···Cl hydrogen-
bonding and Cl···Cl halogen-bonding interactions. Noncovalent interactions are shown as dashed 
lines. Hydrogen atoms have been omitted for clarity. Color code: Th, light blue; O, red; Cl, green; 
N, dark blue; C, black. 
 

Compound [An(H2O)5Cl4]·(H2bipy·2Cl)·H2O (An–5; An=Th, U) crystallizes in the 

orthorhombic space group Pbam. The AnIV cations are nine-coordinate, bound to five water 
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molecules and four chloride anions to form charge-neutral An(H2O)5Cl4 units (Figure 6.2b). Outer 

sphere H2bipy2+ cations form bifurcated hydrogen bonding interactions with free Cl– anions, that 

together with weak offset 𝜋–𝜋 stacking interactions form H2bipy·2Cl sheets (Figure 6.4c). Overall, 

the structure is built from alternating supramolecular sheets of [An(H2O)5Cl4]·H2O and 

H2bipy·2Cl, as shown in Figure 6.4. 

 
 
Figure 6.4 Packing diagrams of An–5 (An=Th, U). (a) Alternating sheets of 
[An(H2O)5Cl4]·H2O and H2bipy·2Cl. (b) Polyhedral representation of the [An(H2O)5Cl4]·H2O 
sheets. (c) Illustration of the H2bipy·2Cl two-dimensional network. H atoms have been omitted for 
clarity. Color code: Th/U, light blue; O, red; Cl, green; N, dark blue; C, black. Noncovalent 
interactions, highlighting the two-dimensional supramolecular assemblies, are shown as dashed 
lines. 
 

 
 
 
Figure 6.5 Packing diagram of An–6. H atoms have been omitted for clarity. Color code: Th/U, 
light blue; O, red; Cl, green; N, dark blue; C, black. 
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Compound [An(H2O)4Cl4]·2(4-OHPyH·Cl) (An–6; An=Th, U) crystallizes in the space 

group Pnma and features AnIV metal centers that are bound to four chloride ions and four water 

molecules (Figure 6.2c). As shown in Figure 6.5, 4-OHPyH+ and Cl– ions exist in the crystal lattice. 

Compound [Th(H2O)7Cl2]Cl2·2H2O(HPhthal·Cl) (Th–7) crystallizes in the triclinic space 

group P1. The structure is built from nine-coordinate ThIV metal centers that are bound to two 

chloride ions and seven water molecules to form cationic [Th(H2O)7Cl2]2+ units (Figure 6.2d). 

These cationic units are charge-balanced by two chloride ions; two water molecules, a protonated 

HPhthal+, and an additional Cl– are present in the crystal lattice as shown in Figure 6.6. 

 
 
 

Figure 6.6 Packing diagram of Th–7 viewed down [100]. H atoms have been omitted for clarity. 
Color code: Th, light blue; O, red; Cl, green; N, dark blue; C, black. 
 
 

Compound [Th(H2O)4Cl4]·2(3-MePyH·Cl) (Th–8) crystallizes in the orthorhombic space 

group P212121 and is built from an eight-coordinate Th metal center that is bound to four chloride 

ions and four water molecules. The structural unit is identical with that observed for An–6 (Figure 
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6.2c). Chloride ions and 3-MePyH+ cations are also present in the lattice. Overall, the structure 

adopts a three-dimensional supramolecular network through hydrogen-bonding interactions 

between the outer-sphere chloride ions and the Th(H2O)4Cl4 mononuclear units. As shown in 

Figure 6.7, protonated 3-MePyH+ cations sit in the channels formed by the [Th(H2O)4Cl4]·2Cl 

assembly. 

 

 
 
 

Figure 6.7 Polyhedral representation of Th–8. 3-MePyH+ cations reside in the channels formed 
through interaction of the Th(H2O)4Cl4 mononuclear units with free chloride ions. H atoms have 
been omitted for clarity. Color code: Th, light blue; O, red; Cl, green; N, dark blue; C, black. 
 

Compound [U(H2O)7Cl2]Cl2·2H2O (U–12) crystallizes in the orthorhombic space 

group Pbcn. The structure is built from a nine-coordinate UIV metal center that is bound to two 

chloride ions and seven water molecules. Two chloride ions charge-balance the cationic units, and 

two water molecules exist in the lattice (Figure 6.8). The mononuclear [U(H2O)7Cl2]2+ cationic 

units are isostructural with those observed in Th–7 (Figure 6.2d). 
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Figure 6.8 Packing diagram of U–12 viewed along [100]. Cationic [U(H2O)7Cl2]2+ are charge-
balanced by outer coordination sphere chloride ions. Water molecules also reside in the lattice. H 
atoms have been omitted for clarity. Color code: U, dark green; O, red; Cl, green. 
 

The structures of the remaining compounds, An–9 through An–11, An–13, and An–14 are 

all built from AnCl62– mononuclear complexes, wherein the AnIV metal center is bound to six 

chloride ions (Figure 6.2e). Despite the presence of a common structural unit, significant 

differences in the supramolecular assemblies that arise from noncovalent interactions including H-

bonding and 𝜋–𝜋 stacking are observed. 

Compound (3-ClPyH)2AnCl6 (An–9; An=U, Pu) crystallizes in the space group C2/c. As 

shown in Figure 6.9, the anionic AnCl62– units form H-bonding interactions with the 3-ClPyH+ 

cations. These noncovalent interactions together with 𝜋–𝜋 stacking interactions stitch the 

AnCl62– into chains that propagate along [00–1]. 
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Figure 6.9 Illustration of the undulating chains observed in An–9. Supramolecular assembly 
results from hydrogen-bonding interactions between AnCl62− and 3-ClPyH+ cations and 𝜋–𝜋 
stacking interactions. H atoms have been omitted for clarity. Color code: U/Pu, dark green; Cl, 
green; N, dark blue; C, black. 
 

 Compound (H2bipy)AnCl6 (An–10; An=U, Pu) crystallizes in the space group C2/m. The 

AnCl62– complexes are charge-balanced by H2bipy2+ cations and propagate along the [−101] 

direction via bifurcated H-bonding interactions with the bipyridinium cations, as shown in Figure 

6.10. 

 
 
 
Figure 6.10 Chain motif observed in An–10. The supramolecular chain result from bifurcated 
hydrogen-bonding interactions between the AnCl62– complex and H2bipy2+. H atoms have been 
omitted for clarity. Color code: U/Pu, dark green; Cl, green; N, dark blue; C, black. 
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Compound (4-OHPyH)2AnCl6 (An–11; An=U, Pu) crystallizes in the P21/c space group. 

Overall, the structure adopts a three-dimensional supramolecular assembly that results from 

hydrogen-bonding interactions between AnCl62– dianions and the N–H and O–H of the 4-OHPyH+ 

cations, as highlighted in Figure 6.11. These noncovalent interactions together with 𝜋–𝜋 stacking 

interactions result in a three-dimensional supramolecular assembly. 

 
 
 
Figure 6.11 Polyhedral representation of the supramolecular assembly formed in An–11. 
Interactions include N–H···Cl and O–H···Cl H-bonding and 𝜋–𝜋 stacking interactions. H atoms 
have been omitted for clarity. Color code: U/Pu, dark green; O, red; Cl, green; N, dark blue; C, 
black. 
 

Compound (HPhthal)2AnCl6 (An–13; An=U, Pu) crystallizes in the triclinic space 

group P1 and is built from AnCl62– dianions that are charged-balanced by HPhthal+ cations. As 

shown in Figure 6.12, the AnCl62– dianions engage in N–H···Cl hydrogen-bonding interactions 

with HPhthal+, which together with 𝜋–𝜋 stacking interactions between HPhthal+ cations result in 

two-dimensional sheets. 
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Figure 6.12 Illustration of An–13. The packing diagram highlights the two-dimensional 
supramolecular network formed via N–H···Cl H-bonding and 𝜋–𝜋 stacking interactions. H atoms 
have been omitted for clarity. Color code: U/Pu, dark green; Cl, green; N, dark blue; C, black. 
 

Compound (3-MePyH)2AnCl6 (An–14; An=U, Pu) crystallizes in the monoclinic space 

group P21/n. The structure is built from AnCl62– dianions that are charge-balanced by 3-MePyH+ 

cations. As shown in Figure 6.13, hydrogen-bonding interactions occurring between the AnCl62–

dianions and 3-MePyH+ cations, together with 𝜋–𝜋 stacking interactions, result in one-dimensional 

chains. 

 
 
 
Figure 6.13 Illustration of the supramolecular network in An–14. N–H···Cl hydrogen-bonding 
and 𝜋–𝜋 stacking interactions of 3-MePyH+ connect the AnCl62– units into one-dimensional chains 
that extend along the [−10–1]. H atoms have been omitted for clarity. Color code: U/Pu, dark 
green; Cl, green; N, dark blue; C, black. 
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6.4 Characterization of the Spectroscopic Properties of Actinide(IV) Chlorides 

6.4.1 Electronic Absorption Studies of Actinide(IV) Chlorides (An=U, Pu) 

Optical absorbance spectroscopy is useful in the identification of actinide oxidation states 

and in establishing relationships between speciation in solution and in the solid state. Accordingly, 

this level of analysis was used to probe aqueous UIV and PuIV speciation and explore the link 

between the reaction solutions and the resulting solid-state compounds. 

The optical absorbance spectra of tetravalent uranium compounds are characterized by f–f 

transitions that originate from the 3H4 ground state to a number of excited states.316 The peak 

positions, relative intensity, and splitting have been correlated with the coordination 

environment/number, as well as the nuclearity of the structural unit.122,166 For example, the solid-

state spectra collected for crystalline phases U–5 and U–14, which are built from mononuclear 

U(H2O)5Cl4 and UCl62–, respectively, are shown in Figure 6.14a. Compound U–5 exhibits notably 

fewer bands than U–14, with the differences in the spectra arising from differences in the 

coordination number and crystal-field effects.321 Given these differences, the solid-state spectra 

can qualitatively serve as spectroscopic signatures for eight- or nine-coordinate UIV complexes 

such as U–aquo–chloro species that show little variability in their optical spectra and/or the six-

coordinate UCl62–. A comparison of these spectra with those collected for the reaction solutions 

(Appendix F.1) thereby aids in the discernment of the identity of the structural units in solution 

and allows us to assess the correlation between the solution-state species and those observed in the 

solid-state. As shown in Figure 6.14a(i), the spectrum for UIV in HCl(aq) (3 M) exhibits 

characteristic f → f transitions originating from the 3H4 ground state at 431 nm (3P2), 494 nm (1I6), 

549 nm (3P1), 627 nm (3P0), 648 nm (1D2), 671 nm (1G4), 835 nm (3H6), and 1072 nm 

(3F4/3F3).316 The addition of a counter-cation such as 4,4′-bipyridine to a UIV/HCl(aq) solution does 



 109 

not result in substantial changes to the absorbance spectrum [Figure 6.14a(ii)]. Both spectra are 

consistent with mononuclear UIV complexes with a coordination number ≥ 8. 

 

Figure 6.14 Solution and solid-state electronic absorption studies for UIV and PuIV. (a) UIV in 
(I) HCl(aq) (3 M), (II) HCl(aq) (3 M) with 4,4′-bipyridine, (III) U–5, and (IV) U–14 and (b) PuIV in 
(I) HCl(aq) (3 M), (II) HCl(aq) (3 M) with 4,4′-bipyridine, (III) and Pu–10. Asterisks denote detector 
changes. 
 

The absorption spectrum for PuIV (Figure 6.14b) similarly may be used to discern between 

the structural units. The solid-state spectrum of (H2bipy)2PuCl6 (Pu-10), which consists of 

PuCl62– structural units, is consistent with other PuCl62–-based compounds that exhibit splitting of 

the PuIV absorbance bands316,350 analogous to that observed for UCl62–. The PuCl62– dianion 

charge-balanced by a variety of cations, such as Cs+, Ph4P+, Me4N+, Et4N+, and Bu4N+,223,231,348,350 

has been well characterized by optical absorption spectroscopy and exhibits a characteristic optical 

spectrum that shows little dependence on the counter-cations. The absorbance spectrum of PuIV in 

HCl(aq) (3 M) likewise exhibits characteristic absorption bands that arise from f–f transitions; 

however, the peak intensities and energies are notably different from those observed for PuCl62–. 

The addition of a counter-ion results in little changes in the absorption spectrum. These spectra are 
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consistent with those obtained for PuIV in HClO4(aq) (1 M)44  and HCl(aq) (1 M),351 which are known 

to consist of higher-coordinate, mononuclear complexes and suggest that the PuCl62– does not exist 

to an appreciable extent in the reaction solution. 

6.4.2 Vibrational Properties of Actinide(IV) Chlorides (An=Th, U, Pu) 

 Vibrational spectroscopy is a powerful probe of the An–ligand bond and provides an 

indirect means to explore the influence of intermolecular interactions (e.g., hydrogen bonds) on 

the bond strength. Thorium- and uranium-based compounds were examined using Raman and IR 

spectroscopies; however, only limited Raman data were collected on the plutonium compounds 

because of radiological constraints. 

 Raman-active An–O(H2) and An–Cl modes are typically observed between 200 and 400 

cm–1, and assignment of these modes in the compounds reported herein is based on previous 

computational studies that predicted the vibrational frequencies of the U(H2O)4Cl4 and UCl62–

structural units.255 As shown in Figure 6.15, the Raman spectra of the thorium compounds reported 

herein are dominated by vibrations attributed to the N–heterocycle, particularly above 500 cm–1; 

the intense vibrations associated with the organic counter-ions dwarf any observable metal–ligand 

interactions and make assignment of these modes challenging, as has been noted previously for 

actinide compounds containing pyridine derivatives.227,255 Below 500 cm–1, mixed Th–O(H2) and 

Th–Cl modes are found at 210(b), 227, and 300 cm–1 (Th–4), 189, 217, and 258 cm–1 (Th–5), 181, 

224(b), 234, and 264 cm–1 (Th–6), 194 cm–1 (Th–7), and 234 and 259 cm–1 (Th–8). As a 

representative example, peak assignments for Th–5 are provided in Appendix B.16. For U–aquo–

chloro compounds, mixed U–O(H2) and U–Cl modes are found at 185, 196, 217, and 258 cm–

1 (U–5) and 194, 210, 220, 242, 260, and 282 cm–1 (U–6). 
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Figure 6.15 Raman spectra of Th–4 – Th–8. Counter-cation vibrations dominate the spectra at 
higher wavenumbers, whereas Th–ligand vibrations are observed under 500 cm–1. 
 

In contrast to the An–H2O–Cl compounds, the phases built from AnCl62– structural units 

typically have more intense and easily identifiable bands arising from the symmetric An–Cl 

stretch. This provides a handle to identify An–H2O–Cl or AnCl62– complexes. On the basis of 

previous reports,228,255,320 the U–Cl modes are identified at 301 cm–1 (U–9), 300 cm–1 (U–10), 303 

cm–1 (U–11), 300 cm–1 (U–13), and 302 cm–1 (U–14) (Figure 6.16). All U–Cl vibrations are 

observed at lower energies than those of the previously reported U–Cl compounds with charge-

balancing N–heterocycles, for which Raman vibrations were found at 305 cm–1.255,320 No clear 

systematic shift in the U–Cl vibrational mode associated with either the U–Cl bond lengths or the 

strength of the supramolecular interactions is observed. 

 



 112 

 
 

Figure 6.16 Raman spectra collected for UCl62– compounds. The U–Cl symmetric stretch is 
highlighted. 
 

Whereas no clear trend based on the counter-ion and hence the strength of the noncovalent 

interactions (e.g., hydrogen bonding) is readily discernible, a periodic shift of the An–Cl 

symmetric stretch based on the metal ion is observed. For example, for the isomorphous 

compounds U–10 and Pu–10, which consist of UCl62– and PuCl62– dianions, respectively, charge-

balanced by 4,4′-bipyridinium cations, a clear shift in the An–Cl vibrational frequencies is 

observed. As shown in Figure 6.17, U–10 exhibits a U–Cl symmetric stretch at 300 cm–1, 

whereas Pu–10 possesses a Pu–Cl symmetric stretch at 304 cm–1. Given identical formulas, crystal 

packings, and symmetries, a shift in the An–Cl stretch to higher wavenumbers can be attributed to 

increased metal–ion acidity. The An–Cl bond lengths further support this: the average U−Cl bond 

length in U–10 is 2.622(6) Å, whereas the average Pu–Cl bond length in Pu–10 is 2.595(5) Å. An 
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additional peak at 334 cm–1 for U–10 and 336 cm–1 for Pu–10 may be attributed to in-plane ring 

vibrations of the 4,4′-bipyridinium counter-ion; this feature is also observed in the Raman 

spectrum for Th–5 but is not present in any other spectra.352 

 

Figure 6.17 Comparison of (H2bipy)AnCl6, An–10, (An=U, Pu) Raman spectra. 

Raman and IR spectroscopies are complementary given their different selection rules, and 

thus IR spectra were collected in an effort to further discern the strength of the noncovalent 

interactions and their impact on the An–Cl and An–O(H2) vibrational frequencies. However, 

assignment of the vibrational frequencies is complicated by overlapping vibrational modes within 

the same spectral region (e.g., N–H/O–H asymmetric/symmetric stretches and N–H/O–H bends) 

and extensive hydrogen-bonding, which often results in significant shifts in relation to the “free” 

species. Last, hydrogen-bonding between the outer coordination species and metal coordination 

complexes can turn on or off vibrational modes, as previously highlighted in several UVIO22+ and 
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UIV examples.204 Therefore, without computational studies, we give tentative assignments and 

only comment on the general location of these vibrational modes (Appendix B.17). N–H stretches 

are observed around 3200 cm–1 in all compounds because of the presence of the protonated N–

containing heterocycles. Signature O–H symmetric/asymmetric stretches are observed at 

approximately 3400 cm–1 and are significantly shifted from that of free water, likely because of 

the extensive hydrogen-bonding network in the solid. N–H and O–H bending modes likely lie in 

the same region between 1600 and 1640 cm–1.255 

 

6.5 Discussion 

 Actinide halides have received considerable interest because of their technological and 

environmental relevance,54,353 use as starting materials,354 and role in discerning covalency in the 

actinide series.71,219 Looking at the solid state, there is a clear energetic favorability for the 

formation of actinide hexachloride complexes that is evidenced by the considerable catalogue of 

compounds based on AnCl62– (An=U, Np, Pu) structural units charge-balanced by various counter-

cations.223,227-228,348,355 By comparison, solid-state compounds built from AnIV–H2O–Cl structural 

units are relatively rare and have been most commonly observed for thorium. 

 In this work, evaporation of acidic aqueous solutions containing AnIV metal ions and 

protonated N–heterocycles with pKa values ranging from 2.81–5.70 yielded a library of AnIV 

chloride complexes. A total of eleven distinct structure types were observed, with thorium, 

uranium, and plutonium taking on a range of coordination numbers and geometries. Clear trends 

in the structural periodicity of the actinides Th–Pu are apparent upon examination of the 

AnIV solid-state structural units, as highlighted in Figure 6.18. For Th, all of the compounds consist 

of eight-coordinate (Th–6 and Th–8) or nine-coordinate (Th-4, Th–5, and Th–7) Th–aquo–
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chloro species. Within this series, there are four unique structural units: two are charge-neutral and 

two are cationic. The number of inner coordination sphere chlorides does not exceed four; bound 

water molecules range from four to seven. By comparison, U exhibits an increased propensity to 

form the UCl62– complex, yet using H2bipy2+ or 4-OHPyH+, both the hexachloride and U–aquo–

chloro structural units can be isolated. Uranium species range in the number of bound ligands from 

six-coordinate (U–9, U–10, U–11, U–13, and U–14) to eight-coordinate (U–6) and nine-

coordinate (U–5 and U–12). Alternatively, Pu exclusively adopts the PuCl62– octahedral complex 

as observed in Pu–9, Pu–10, Pu–11, Pu–13, and Pu–14. 

 

Figure 6.18 Summary of the AnIV molecular units isolated for thorium, uranium, and 
plutonium in the presence of various counter-cations. Note that [U(H2O)7Cl2]2+ structural units 
that were isolated with 4-OHPyH+ are not shown in the figure for simplicity. H atoms have been 
omitted for clarity. Th, U, and Pu atoms are shown as blue, dark green, and orange spheres, 
respectively. Cl and H2O are green and red spheres, respectively. 
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These observations are consistent with previous solid-state structural work. For thorium, 

Th(H2O)4Cl4·(1,4–dioxane)3 and Th(H2O)4Cl4·(THF)5, both of which are built from eight-

coordinate mononuclear complexes, have been reported by Kiplinger et al.235 The 

Th(H2O)4Cl4 structural unit in Th–6 and Th–8, however, adopts a different coordination geometry 

that is analogous to previously reported An(H2O)4Cl4 complexes (An=Th, U) isolated by our group 

and outlined in Chapters 4–5.255,356 Additionally, [Th(H2O)7Cl2]·Cl2·18-crown-6·2H2O, which 

contains a structural unit related to that observed in Th–7, has been reported.273 Other relevant Th–

aquo–chloro compounds include the homoleptic [Th(H2O)10]4+ structural unit, which was isolated 

from a HBr solution88 and possesses four Br– ions in the outer coordination sphere, as well as 

dimeric [Th(μ2–OH)2Cl2(H2O)12]Cl4·2H2O and [Th(μ2–OH)Cl(H2O)6]2Cl4·18-crown-6·2H2O, 

which likely result from ThIV hydrolysis and condensation.129,271 Monomeric PuIV–H2O–Cl 

compounds are absent from the literature; however, as mentioned previously, several PuCl62––

containing compounds are reported.223,228-229,348 

The increased propensity for tetravalent plutonium to adopt PuCl62– compared to Th, which 

exclusively forms the higher-coordinate Th–aquo–chloro complexes in the solid-state, may be 

attributed to the ionic radius of the metal center. The ionic radii for six-coordinate ThIV, UIV, and 

PuIV are 0.94, 0.89, and 0.86 Å, respectively.357 The systematic decrease in the ionic radius results 

from the actinide contraction and is accompanied by an increase in the Lewis acidity as well as an 

increase in the thermodynamic stability of the An–Cl complex across the series. The first 

equilibrium constant for AnIV chloride complexation, 

M!" +	Cl#$ 	⇌ 	MCl%"  (Equation 6.1) 

is provided in Table 6.3.44,358-360 Plutonium exhibits a larger equilibrium constant and thus is more 

likely to complex chloride, consistent with trends observed in this work; however, it should be 
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noted that the differences in the log β1° values from thorium to plutonium do not vary significantly. 

It can therefore be inferred that interactions between AnIV metal cations and Cl– ions are 

similar,359 yet large differences are observed in the compounds isolated in this work. 

 
Table 6.3 Equilibrium constants for ThIV, UIV, and PuIV chloride complexation,  

as defined in Equation 6.1. 

An4+ log 𝛽"∘ ∆𝜀 (kg mol–1) Ref 

Th 1.70 ± 0.10 −0.11 ± 0.05 359 

U 1.72 ± 0.13 −0.29 ± 0.08 360 

Pu 1.81 ± 0.27 −0.09 ± 0.07 359 

 

Nonetheless, cations with larger ionic radii generally tend to adopt higher coordination 

number complexes in order to satisfy their bonding requirements. The larger Th cation thus 

exclusively forms a number of Th–aquo–chloro complexes, while the smaller Pu cation is only 

observed as the hexachloride. The U cation resides somewhere in the middle, showing a tendency 

to form UCl62– but also U–aquo–chloro species with select counter-ions. This propensity is 

corroborated by previous calculations that highlighted the entropically favored transformation of 

U(H2O)4Cl4 to UCl62– with a ΔG(aq) = −1 kcal/mol at the CCSD(T) level.255 Further, consistent 

with this trend are observations in the solid-state structural chemistry of PuIII, which has an ionic 

radius (CN=6) of 1.0 Å.357 PuIII–aquo–chloro complexes, including cis-Cs[Pu(H2O)4Cl4], trans-

Cs5[Pu(H2O)4Cl4]Cl4·2H2O, (Et4N)[Pu(H2O)6Cl2]Cl2·2H2O, and 

(C5H5NBr)2[Pu(H2O)5Cl3]Cl2·2H2O, have been reported.274-275 

 Whereas several investigations have focused on the solid-state structural chemistry of AnIV 

chloride compounds, as highlighted above, far fewer reports have interrogated the solution-state 
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species. In this work, we examined the correlation between the solution species and those observed 

in the crystalline phase using UV-vis-NIR absorption spectroscopy. The absorption spectra for UIV 

and PuIV are both characterized by bands resulting from f–f transitions that can be used to discern 

between the structural units. The peak positions, relative intensity, and splitting of the absorption 

features have been used to infer coordination environment/number, as well as the nuclearity of the 

structural unit. Here, the solid-state spectra serve as spectroscopic signatures for the AnCl62– and 

higher-coordinate [An(H2O)xCly]4–y (x=4–7 and y=2–4) structural units. A comparison to the 

solution-state spectra suggests that both UIV and PuIV do not exist as the AnCl62– dianion in the 

reaction solution to an appreciable extent but more likely adopt a higher-coordinate complex, such 

as the An–aquo–chloro complexes reported herein. Electronic absorption bands of UIV in HCl(aq) 

(3 M) are nearly identical with a previously reported solid-state UV-vis-NIR spectrum of a 

U(H2O)4Cl4 species (Figure 6.14).255 The presence of mononuclear aquo–chloro units for uranium 

is further supported by previous work by Hennig and co-workers, wherein UIV speciation was 

probed as a function of the Cl– concentration using extended X-ray absorption fine structure 

(EXAFS).270 Uranium chloride complexation was probed over a chloride concentration of 3–9 M, 

and a number of aquo/chloro species including U(H2O)8Cl3+, U(H2O)6–7Cl22+, and 

U(H2O)5Cl3+ were identified; however, no evidence for UCl62– was observed. It is likely that 

plutonium exhibits a similar behavior because it has been shown that chloride can complex PuIV 

in HCl(aq) (1 M).361-362 Further, large-angle X-ray scattering measurements of thorium in chloride 

media suggested inner-sphere chloride complexation wherein Cl– was found to add to the metal–

ion coordination sphere rather than replace bound water.363 

 These observations and the trends in early actinide structural chemistry are further 

supported by the anion-exchange behavior of ThIV, UIV, and PuIV in HCl(aq). At low acid 
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concentrations, the An ions elute from a column, consistent with the presence of a cationic or 

neutral species.231 However, at higher acid concentrations, the behavior of Th deviates from that 

of the other tetravalent actinides. In concentrated acid, ThIV adsorption to an anion-exchange 

column is negligible; again, consistent with the presence of neutral or cationic species such as 

those observed in Th–4–Th–8. UIV exhibits little affinity for the column below 5.5 M HCl(aq) but 

shows an increased propensity to adsorb with increasing chloride concentration. PuIV shows a 

relatively higher affinity to bind, likely attributed to its increased propensity to form the six-

coordinate dianion. In concentrated HCl(aq), previous work has reported concentrations of ∼75% 

PuCl62–, whereas UCl62– was only calculated to account for ≤13% of the solution species.231 

 Despite identification of the U–aquo–chloro complexes in solution,230,270 there are limited 

reports of solid-state AnIV–H2O–Cl-based compounds. The disparity between the solid and 

solution states is likely attributed to differences in the relative solubility of the structural units or 

even crystallization kinetics. Alternatively, isolation of the U–aquo–chloro species presented in 

this work may be attributed to supramolecular interactions that aid in the stabilization of the U–

aquo–chloro complexes in solution and subsequently allow for their isolation in the solid-state. 

Variation of the counter-ion under nearly identical reaction conditions allowed for the isolation of 

otherwise elusive An–aquo–chloro complexes. Perhaps best illustrated for thorium, these species 

differed in their charge, composition, and AnIV coordination environment. Inspection of the 

noncovalent interactions via X-ray diffraction and Raman and IR spectroscopies, however, 

provided little insight into the role that these interactions may play on isolation of the structural 

units, and the effect that counter-cations have in stabilizing and/or crystallizing unique actinide 

complexes from solution remains uncertain. Given the novelty of the structural units reported 

herein coupled with recent reports showing that “spectator” ions play an important role in the 
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isolation of novel structural units, the crystallization of large polynuclear clusters, and even the 

redox potential of An ions,197,364-366 the effects of outer coordination sphere interactions on actinide 

speciation certainly warrant further consideration. 

 

6.6 Conclusions / Outlook 

 The syntheses, structures, and spectroscopic properties of eighteen AnIV compounds are 

reported. The compounds were isolated from the evaporation of AnIV/HCl(aq) solutions containing 

protonated N–H donor molecules of varying hydrogen bond donation strength. The structures were 

determined by single crystal X-ray diffraction and are built from [An(H2O)xCly]4–y (An=Th, 

U; x=4–7 and y=2–4) or AnCl62– (An=U, Pu) structural units. In the solid-state, thorium 

exclusively exists as [An(H2O)xCly]4–y complexes, while plutonium is only observed as PuCl62–; 

uranium formed both the higher-coordinate aquo–chloro and the lower-coordinate hexachloride 

structural units. This break in solid-state structural chemistry may be attributed to a decrease in the 

ionic radius of the +4 An ion that arise with actinide contraction. Further, differences in the 

electronic and vibrational properties of the AnCl62– and An–aquo–Cl structural units afforded 

handles with which the relationship between the solution and solid-state speciation was probed. 

Interestingly, a disparity between the solution and solid-state structural units was observed. While 

the solution-state optical spectrum for plutonium was consistent with higher coordinate species 

such as the aquo–chloro complexes, only PuCl62– was observed in the solid state. Collectively, 

results from this work augment our understanding of the solution-phase behavior of thorium, 

uranium, and plutonium under aqueous conditions and point to the importance of nonbonding 

interactions in the stabilization and isolation of otherwise elusive AnIV species, such as the U–
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aquo–chloro species reported herein. The role of counter-cations in the isolation of these units 

remains unclear.  

 

6.7 Experimental Details 

6.7.1 General Considerations 

Caution! 232Th (t1/2=1.41 x 1010 yrs), 238U (t1/2=4.47 x 109 yrs), and 239Pu (t1/2=2.41 x 104 

yrs) pose health risks due to their toxicity and radiological properties. As such, experiments were 

performed in facilities designed for the handling of radionuclides and appropriate safety measures 

were followed, akin to those outlined in Section 3.1. Evaporations were carried out under a 

nitrogen atmosphere in a radiological area to prevent oxidation of UIV; ThIV reactions also were 

performed under a nitrogen atmosphere for consistency with U experiments. PuIV experiments, 

including preparation of the PuIV/HCl(aq) stock solution, experimental reactions, and evaporation 

of the reaction solutions, were all carried out in a negative-pressure radiological glovebox 

equipped with HEPA filters. Samples for structure determination and spectroscopic studies were 

prepared in radiological fume hoods utilizing Krytox grease to coat the crystals in order to limit 

dispersal of the transuranic materials. Additional safety measures for these specific 

characterization techniques are described in the corresponding Sections.     

The following chemicals were used as received from commercial suppliers: 3-

chloropyridine (3-ClPy; Alfa Aesar), 4,4′-bipyridine (bipy; Chem-Impex), 4-hydroxypyridine (4-

OHPy; Alfa Aesar), phthalazine (Phthal; Alfa Aesar), and 3-methylpyridine (3-MePy; Acros 

Organics). Acidic aqueous solutions were prepared by the dilution of concentrated hydrochloric 

acid (HCl; Fisher Chemicals) using nanopore water (≤0.05 μS) purified by a Millipore Direct-Q 3 

UV water purification system. 
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 Th and U starting materials are outlined in Section 3.2. A chemically-pure and oxidation 

state-pure PuIV/HCl(aq) stock solution was prepared at Pacific Northwest National Laboratory 

(PNNL) in accordance with the procedure also outlined in Section 3.2. After completion of this 

reprocessing procedure, the Pu oxidation state was confirmed to be +4 by UV-visible absorption 

spectroscopy and the Pu concentration was determined by gamma spectroscopy to be 17.5 mg 

Pu/mL HCl(aq) (10 M).  

6.7.2 Syntheses of Thorium Compounds 

[Th(H2O)6Cl3]Cl×(3-ClPyH×Cl) (Th–4). An acidic aqueous solution of ThIV was prepared 

in a glass shell vial (3 mL) by dissolving ThCl4(s) (0.049 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 

M). 3-ClPy (12.6 μL, 0.132 mmol) was added and the solution was left to evaporate under a 

nitrogen atmosphere. After approximately 7 days, large colorless crystals formed. IR (cm–1): 431 

(w), 461 (w), 469 (m), 620 (w), 669 (s), 670 (s), 728 (s), 748 (w), 792 (s), 878 (w), 942 (w), 987 

(w), 1012 (w), 1029 (w), 1042 (w), 1070 (w), 1106 (m), 1122 (m), 1181 (m), 1255 (m), 1283 (w, 

b), 1310 (w), 1331 (m), 1353 (w), 1456 (s), 1520 (s, sh), 1525 (s, sh), 1532 (s), 1602 (s, b), 1621 

(m), 1627 (m), 1635 (m), 1638 (w), 2856 (m), 2894 (m), 2919 (m), 3035 (m, sh), 3049 (s), 3067 

(m, b), 3106 (m), 3113 (m, sh), 3153 (s, b), 3207 (s, b), 3256 (s, b). Raman (cm–1): 119 (s), 210 

(m, sh), 227 (s), 300 (w), 400 (w), 428 (w), 620 (w), 729 (m), 791 (w), 940 (w), 1010 (w), 1029 

(s), 1040 (vs), 1070 (w, b), 1106 (m), 1119 (m), 1176 (m), 1253 (m), 1573 (w), 1602 (m, b), 1621 

(m), 3105 (m), 3444 (w, b).      

[Th(H2O)5Cl4]×(H2bipy×2Cl)×H2O (Th–5). An acidic aqueous solution of ThIV was prepared 

in a glass shell vial (3 mL) by dissolving ThCl4(s) (0.049 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 

M). Bipy (0.022 g, 0.140 mmol) was added and the solution was left to evaporate under a nitrogen 
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atmosphere. After approximately 3 days, large colorless crystals were present. IR and Raman 

details: refer to Appendix B.16.  

[Th(H2O)4Cl4]×2(4-OHPyH×Cl) (Th–6). An acidic aqueous solution of ThIV was prepared 

in a glass shell vial (3 mL) by dissolving ThCl4(s) (0.049 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 

M). 4-OHPy (0.013 g, 0.141 mmol) was added and the solution was left to evaporate under a 

nitrogen atmosphere. After approximately 7 days, colorless prismatic crystals formed. IR (cm–1): 

443 (w), 458 (w), 510 (vs), 577 (w, b), 639 (w, b), 724 (w, sh), 745 (m, b), 792 (m, b), 825 (w, sh), 

850 (s), 877 (m), 976 (w), 1007 (s), 1028 (w), 1046 (w), 1084 (s), 1194 (vs), 1224 (m), 1247 (m), 

1267 (m), 1334 (vs), 1358 (m), 1382 (w, sh), 1394 (w, sh), 1505 (vs), 1512 (vs), 1539 (m), 1554 

(m), 1558 (s), 1597 (vs), 1605 (vs), 1616 (m), 1623 (s), 1627 (vs), 1632 (s, sh), 1635 (vs), 1638 

(s), 1640 (s, sh), 3072 (s), 3084 9s), 3100 (s), 3178 (s, b), 3238 (s, b). Raman (cm–1): 151 (m), 181 

(s), 224 (m, sh), 234 (s), 264 (s), 515 (m), 529 (w), 646 (w), 852 (vs), 980 (w, b), 1008 (vs), 1046 

(m), 1090 (w), 1188 (w), 1330 (m), 1623 (w, sh) 1635 (m, b), 3099 (m).   

[Th(H2O)7Cl2]Cl2×2H2O(HPhthal×Cl) (Th–7). An acidic aqueous solution of ThIV was 

prepared in a glass shell vial (3 mL) by dissolving ThCl4(s) (0.049 g, 0.132 mmol) into HCl(aq) (0.5 

mL, 3 M). Phthal (0.017, 0.127 mmol) was added and the solution was left to evaporate under a 

nitrogen atmosphere. After approximately 4 days, colorless needle-like crystals formed. IR (cm–

1): 438 (m), 469 (vs), 472 (vs, sh), 513 (s, sh), 519 (s), 637 (s), 641 (s, sh), 645 (m), 668 (m), 760 

(m), 776 (m), 794 (m), 812 (m), 821 (m), 854 (m), 890 (w), 952 (m), 960 (m), 1021 (w), 1140 (w), 

1172 (w), 1226 (m), 1240 (w), 1625 (m), 1287 (m), 1327 (w), 1342 (w), 1387 (s), 1424 (m), 1451 

(m), 1466 (w), 1489 (m), 1537 (w, b), 1550 (w), 1584 (s, sh), 1593 9s, sh), 1607 (s, b), 1624 (s, 

sh), 2948 (s, b), 3020 (s, b), 3046 (s, b) 3093 (s, b), 3153 (s, b), 3218 (s, b), 3299 (s, b). Raman 

(cm–1): 194 (w), 452 (w), 515 (s), 523 (w, sh), 796 (s), 1020 (s), 1137 (w), 1226 (m), 1379 (m, sh), 
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1387 (s), 1428 (m), 1454 (m), 1490 (m0, 1620 (w), 3049 (m, sh), 3060 (s), 3075 (m, sh), 3243 (w, 

b).  

[Th(H2O)4Cl4]×2(3-MePy×Cl) (Th–8). An acidic aqueous solution of ThIV was prepared in 

a glass shell vial (3 mL) by dissolving ThCl4(s) (0.049 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 M). 

3-MePy (12.8 μL, 0.132 mmol) was added and the solution was left to evaporate under a nitrogen 

atmosphere. After approximately 8 days, colorless crystals formed. IR (cm–1): 419 (m), 433 (m), 

459 (vs), 630 (s), 674 (vs), 686 (s), 747 (m, sh), 776 (s), 805 (m), 874 (w), 903 (w), 918 (w), 953 

(w), 981 (w), 991 (w), 1031 (m), 1046 (m), 1116 (s), 1180 (m), 1254 (s), 1386 (m), 1468 (m), 1549 

(s), 1612 (s, b), 1620 (s, sh), 1629 (m, sh), 2880 (m), 2934 (m), 3049 (s), 3070 (s), 3086 (s), 3127 

(s), 3173 (s), 3219 (s), 3241 (s).  Raman (cm–1): 234 (m), 259 (m), 536 (s), 560 (w, b), 629 (w), 

805 (vs), 1020 (w, sh), 1031 (vs), 1046 (vs), 1115 (w), 1179 (w), 1187 (w), 1235 (m), 1253 (w, 

sh), 1261 (w), 1387 (w, b), 1607 (w), 1631 (w), 2867 (s, b), 2931 (vs), 3045 (m), 3067 (m, b), 3105 

(m), 3220 (w, b), 3445(w, b).    

6.7.3 Syntheses of Uranium Compounds 

(3-ClPyH)2UCl6 (U–9). An acidic aqueous solution of UIV was prepared in a glass shell 

vial (3 mL) by dissolving UCl4(s) (0.050 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 M). 3-ClPy (12.6 

μL, 0.132 mmol) was added and the solution was left to completely evaporate under a nitrogen 

atmosphere. After approximately 7 days, green prismatic crystals formed. Elemental Analysis: 

Found: C, 17.69; H, 1.53; N, 4.08. Calc. for C10H10N2Cl8U: C, 17.67; H, 1.48; N, 4.12%. 

Approximate yield based on uranium: 0.088 g, 65.47%. IR (cm–1): 419 (m), 430 (m), 467 (vs), 620 

(m), 668 (vs), 730 (vs), 795 (vs), 878 (m), 917 (w), 938 (w), 988 (w), 1011 (w), 1027 (m), 1037 

(m), 1069 (w), 1105 (s), 1123 (s), 1182 (w), 1198 (w), 1249 (s), 1271 (w), 1307 (m), 1326 (m), 

1350 (w, b), 1407 (w), 1453 (s), 1477 (w), 1528 (s), 1594 (m), 1619 (m), 2850 (m), 2889 (m), 
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2913 (m), 3034 (s), 3050 (s), 3081 (s), 3095 (s), 3108 (s), 3143 (s), 3203 (s). Raman (cm–1): 116 

(m), 125 (m), 178 (w), 204 (w), 264 (w), 295 (w, sh), 301 (s), 314 (w), 356 (w), 395 (w), 404 (w), 

431 (m), 575 (w), 623 (s), 731 (vs), 1013 (w, sh), 1028 (vs), 1040 (vs), 1056 (w), 1064 (w), 1106 

(w), 1112 (w), 1122 (m), 1173 (w), 1183 (m), 1236 (w), 1253 (m), 1313 (w), 1460 (w), 1598 (w), 

1607 (w, sh), 1620 (s), 2911 (w), 3033 (m), 3050 (m, sh), 3063 (m, sh), 3080 (s, sh), 3092 (s), 

3205 (w, b), 3238 (w, b), 3333 (w), 3350 (w).  

[U(H2O)5Cl4]×(H2bipy×2Cl)×H2O (U–5) and (H2bipy)UCl6 (U–10). An acidic aqueous 

solution of UIV was prepared in a glass shell vial (3 mL) by dissolving UCl4(s) (0.050 g, 0.132 

mmol) into HCl(aq) (0.5 mL, 3 M). Bipy (0.0206 g, 0.132 mmol) was added and the solution was 

left to evaporate under a nitrogen atmosphere. After approximately 6 days, green triangular crystals 

and in some cases, green prisms formed. The reaction was repeated several times, yielding U–5 

and U–10 in varying yields; U–5 is the dominant phase. Whereas U–10 is quite stable, the U–

aquo–Cl phase is quite unstable and readily degrades once exposed to air. U–5. IR (cm–1): 433 (w), 

710 (w), 794 (s), 841 (m), 949 (w), 1007 (w), 1039 (w), 1055 (w), 1098 (w), 1120 (w), 1193 (m), 

1225 (m), 1431 (m, sh), 1458 (s), 1481 (s), 1584 (vs), 1592 (s), 1614 (s, sh), 1621 (vs), 1645 (m), 

2854 (m), 2925 (m), 3016 (vs), 3062 (vs), 3090 (vs), 3176 (s), 3227 (s), 3307 (s, b). Raman (cm–

1): 108 (w), 133 (w, sh), 150 (w), 161 (w), 185 (w), 198 (w), 217 (w), 258 (w), 339 (w), 561 (w), 

711 (w), 761 (w), 844 (w), 943 (w), 1013 (s), 1024 (s), 1074 (m), 1193 (w, b), 1224 (w), 1247 (w, 

b), 1376 (m, sh), 1288 (vs), 1400 (w), 1501 (w, sh), 1524 (s), 1561 (w), 1621 (w, b, sh), 1643 (vs), 

1654 (w, sh), 2570 (w), 2808 (w), 2923 (w), 3049 (w), 3065 (w), 3083 (w), 3091 (w), 3114 (w), 

3281 (w), 3326 (w), 3717 (b), 3885 (b). U–10. IR (cm–1): 436 (w), 478 (w), 559 (w), 613 (w), 637 

(w), 656 (m), 669 (w), 709 (s), 741 (m, sh), 769 (vs), 796 (m, sh), 842 (w), 914 (w), 953 (w, b), 

996 (m), 1007 (w), 1023 (w), 1041 (w), 1058 (m), 1066 (w), 1095 (w, sh), 1105 (m), 1127 (m), 
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1202 (s), 1226 (s), 1252 (w), 1289 (m), 1315 (w), 1358 (s), 1372 (w), 1403 (w), 1474 (s), 1489 (s), 

1576 (w, sh), 1581 (m, sh), 1594 (s), 1617 (w, sh), 1624 (m, sh), 1628 (s), 1638 (m), 1654 (w), 

3045 (w), 3085 (w), 3104 (w), 3131 (w), 3172 (m), 3215 (s). Raman (cm–1): 120 (m, sh), 130 (m), 

243 (w), 300 (m), 334 (m), 560 (w), 636 (m), 719 (w), 761 (w), 817 (w), 1018 (vs), 1075 (m), 1228 

(m), 1265 (m, sh), 1273 (m, sh), 1285 (vs), 1314 (w), 1344 (w), 1515 (m, sh), 1526 (s), 1602 (w), 

1621 (m, sh), 1644 (vs), 1657 (s, sh), 1779 (w), 2885 (b), 3083 (m), 3112 m), 3171 (m), 3196 (w), 

3217 9m0, 3287 (w).  

[U(H2O)7Cl2]Cl2×2H2O (U–12), [U(H2O)4Cl4]×2(4–OHPyH×Cl) (U–6), and (4–

OHPyH)2UCl6 (U–11). An acidic aqueous solution of U(IV) was prepared in a glass shell vial (3 

mL) by dissolving UCl4 (0.050 g, 0.132 mmol) into HCl (0.5 mL, 3 M). 4–hydroxypyridine 

(0.0125 g, 0.132 mmol) was added and the solution was left to evaporate under a nitrogen 

atmosphere. After approximately 4 days, green prismatic crystals formed along with darker green 

blocks. It should be noted that this reaction yields many products. (4–OHPyH)2UCl6 (U–11) 

crystals are lighter green prismatic crystals that are stable in air and are generally the largest 

crystals that precipitate. [U(H2O)7Cl2]Cl2×2H2O (U–12) and [U(H2O)4Cl4]×2(4–OHPyH×Cl) (U–6) 

look similar visually; they are darker green small blocks. Each phase has been observed given the 

provided experimental synthesis and the details of how to isolate one phase over the other is the 

focus of future work. Both U–aquo–chloro phases are quite unstable and readily degrade once 

taken out of a N2 environment. Vibrational spectroscopy could not be collected for U–12 due to 

the extreme air sensitivity of these crystals. U–6. IR (cm–1): 450 (vs), 510 (vs), 528 (m), 583 (vs), 

640 (w), 718 (m), 753 (vs), 815 (s), 837 (m), 850 (m), 870 (s), 922 (w), 970 (w), 1003 (vs), 1041 

(m), 1079 (s), 1181 (vs), 1124 (w), 1259 (w, sh), 1290 (w, sh), 1327 (vs), 1383 (m), 1496 (vs), 

1505 (vs), 1585 (s), 1605 (m, sh), 1622 (m, sh), 1634 (s), 1652 (w), 2665 (m), 2950 (m), 3099 (s), 
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3158 (s), 3283 (s), 3450 (b). Raman (cm–1): 112 (m, sh), 135 (m), 194 (m), 210 (m), 220 (m), 242 

(m), 260 (m), 277 (m, sh), 282 (m), 503 (w), 535 (w), 541 (w), 730 (vs), 818 (w), 842 (vs), 1016 

(w), 1036 (vs), 1108 (m), 1134 (s), 1226 (w, sh), 1238 (m, sh), 1236 (m), 1264 (w), 1290 (m), 

1397 (m), 1440 (m, b), 1546 (w), 1615 (w), 1623 (m), 2756 (w, b), 2870 (m, sh), 2993 (m), 2929 

(vs), 2967 (m, sh), 2995 (m), 3029 (m), 3041 (m), 3068 (m), 3074 (m, sh), 3739 (w, b).  U–11. IR 

(cm–1): 451 (s), 511 (vs), 528 (w), 538 (s), 640 (w), 719 (m), 753 (s), 815 (w), 838 (w), 850 (m), 

870 (s), 922 (w), 964 (w), 971 (w), 1004 (s), 1040 (s), 1079 (s), 1181 (s), 1194 (w, sh), 1225 (w), 

1247 (w), 1264 (w), 1290 (w, sh), 1325 (vs), 1373 (w), 1384 (w), 1496 (vs), 1536 9w), 1552 9w), 

1576 (w, sh), 1585 (s), 1595 (m), 1605 (m), 1616 (m), 1623 (s), 1627 (m), 1635 (m), 1637 (m), 

2663 (w), 2879 (w), 2946 (m), 3070 (m), 3086 (m), 3100 (s), 3157 (s), 3282 (s). Raman (cm–1): 

112 (vs, sh), 126 (vs), 233 (w), 250 (w), 303 (vs), 413 (w), 431 (w), 519 (w), 539 (m), 646 (m), 

720 (w), 794 (w) 818 (w, sh), 827 (w, sh), 848 (vs), 879 (w), 983 (w), 997 (w), 1005 (vs), 1044 

(s), 1088 (w), 1180 (w), 1191 (s), 1259 (m), 1327 (m), 1340 (w), 1384 (m), 1545 (m), 1604 (w), 

1634 (s, sh), 1638 (s), 2850 (b), 3079 (s), 3089 (vs), 3105 (s), 3170 (m, b), 3240 (m, b).   

(HPhthal)2UCl6 (U–13). An acidic aqueous solution of UIV was prepared in a glass shell 

vial (3 mL) by dissolving UCl4(s) (0.050 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 M). Phthal (0.0172 

g, 0.132 mmol) was added and the solution was left to evaporate under a nitrogen atmosphere. 

After approximately 8 days, green rod crystals formed. Elemental Analysis: Found: C, 27.38; H, 

1.88; N, 7.92. Calc. for C16H14N4Cl6U: C, 26.95; H, 1.98; N, 7.86%. Approximate yield based on 

uranium: 0.076 g, 81.6%. IR (cm–1): 429 (w), 475 (vs), 511 (w), 522 (vs), 639 (s), 643 (s, sh), 767 

(s, sh), 774 (s), 792 (m), 816 (s), 836 (w, sh), 870 (s), 895 (m), 915 (w), 954 (s), 963 (w), 987 (m), 

1002 (w), 1020 (w), 1138 (w), 1165 (w), 1214 (m), 1235 (m), 1248 (m), 1261 (m), 1281 (m), 1318 

(w, sh), 1333 (m), 1348 (w), 1375 (m, sh), 1385 (m), 1406 (s), 1417 (m), 1449 (m), 1602 (m), 1616 
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(m), 3013 (s), 3039 (s), 3075 (s), 3115 (s), 3127 (s), 3152 (s). Raman (cm–1): 124 (s), 132 (s), 195 

(w), 208 (w), 300 (m), 364 (w), 391 (w), 451 (w), 479 (w), 517 (m, sh), 521 (vs), 638 (w), 645 

(w), 787 (w, sh), 794 (s), 810 (w), 984 (w), 1020 (s), 1137 (w), 1220 (m), 1384 (m), 1441 (m, sh), 

1447 (s), 1470 (m), 1475 (m, sh), 1487 (s), 1517 (m), 1829 (m), 2855 (m), 3076 (m), 3167 (m), 

3461 (m).   

 (3-MePyH)2UCl6 (U–14). An acidic aqueous solution of UIV was prepared in a glass shell 

vial (3 mL) by dissolving UCl4(s) (0.050 g, 0.132 mmol) into HCl(aq) (0.5 mL, 3 M). 3-MePy (12.84 

μL, 0.132 mmol) was added and the solution was left to evaporate under a nitrogen atmosphere. 

After approximately 8 days, large emerald green prisms formed. Elemental Analysis: Found: C, 

21.95; H, 2.47; N, 4.28. Calc. for C12H16N2Cl6U: C, 22.56; H, 2.52; N, 4.38%. Yield based on 

uranium: 0.062 g, 74.7%. IR (cm–1): 456 (vs), 505 (w), 559 (w), 629 (w), 676 (vs), 774 (vs), 793 

(w, sh), 805 (w), 872 (m), 921 (m), 984 (w), 1012 (m), 1031 (w), 1047 (m), 1075 (w), 1116 (s), 

1138 (w), 1181 (w), 1258 (m), 1304 (w), 1339 (w), 1345 (w), 1388 (w), 1466 (m, sh), 1475 (m), 

1550 (vs), 1608 (s), 1630 (s), 2889 (w), 2936 (w), 3041 (m), 3081 (s), 3091 (m, sh), 3129 (s), 3174 

(s), 3188 (s), 3221 (s), 3243 (s). Raman (cm–1): 121 (s), 238 (w), 302 (vs), 347 (w), 401 (w), 532 

(m), 630 (w), 792 (m), 799 (m), 806 (m), 842 (w), 1020 (w), 1031 (vs), 1046 (vs), 1116 (w), 1181 

(m), 1231 (m), 1260 (m), 1341 (w), 1388 (w), 1606 (m), 1630 (m), 2934 (s), 2968 (w, sh), 3039 

(s), 3054 (m), 3083 (s), 3101 (m, sh), 3172 (w), 3224 (w, b), 3251 (w, b). 

6.7.4 Syntheses of Plutonium Compounds 

6.7.4.1 General Sample Preparation of PuIV–Cl compounds 

In a screw cap vial (10 mL), HCl(aq) (0.05 M) and the appropriate N–containing 

heterocycle were mixed outside of the radiological glovebox under ambient conditions. Once 

inside the glovebox, an aliquot of the PuIV/HCl(aq) stock solution described in Section 6.7.1 was 
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added to the vial so that the final concentration of HCl was approximately 3 M. The solution was 

gently mixed by hand and placed in a conical vial or plastic box lined with desiccant for slow 

evaporation (Photo 6.1). Enclosure of the reaction solutions within these conical vials limited 

corrosion of the stainless-steel glovebox from evaporation of HCl(aq).   

 

Figure 6.19 Experimental setup to attain PuIV compounds. The Pu reaction solution is 
contained within a conical vial lined with desiccant to limit HCl corrosion of the stainless-steel 
glovebox.   
 

(3-ClPyH)2PuCl6 (Pu–9). HCl(aq) (349 μL, 0.05 M) and 3-ClPy (1.04 μL, 0.011 mmol) were 

added to a screw cap glass vial (10 mL). An aliquot of the PuIV/HCl(aq) stock solution (150 μL, 

0.011 mmol) was added to the vial to yield a final volume of 500 μL and a final HCl concentration 

of 3 M. The yellow/orange solution was gently mixed by hand and left to slowly evaporate under 

ambient conditions. After approximately 10 days, light orange crystals formed.   

(H2bipy)PuCl6 (Pu–10). HCl(aq) (350 μL, 0.05 M) and bipy (1.6 mg, 0.010 mmol) were 

added to a screw cap glass vial (10 mL). An aliquot of the PuIV/HCl(aq) stock solution (150 μL, 

0.011 mmol) was then added to the vial to yield a final volume of 500 μL and a final HCl 

concentration of 3 M. The yellow/orange solution was gently mixed by hand and left to slowly 

evaporate under ambient conditions. After approximately 7 days, orange crystals formed. Raman 

(cm–1): 304 (m), 336 (w), 564 (w), 642 (w), 759(w), 1011 (s, sh) 1018 (vs), 1078 (w), 1231 (w, b), 

1284 (vs), 1295 (s, sh), 1524 (m), 1644 (s). 
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(4-OHPyH)2PuCl6 (Pu–11). HCl(aq) (700 μL, 0.05 M) and 4-OHPy (4.1 mg, 0.010 mmol) 

were added to a screw cap glass vial (10 mL). An aliquot of the PuIV/HCl(aq) stock solution (300 

μL, 0.011 mmol) was added to the vial to yield a final volume of 1000 μL and a final HCl 

concentration of 3 M. The yellow/orange solution was gently mixed by hand and left to slowly 

evaporate under ambient conditions. After approximately 7 days, orange crystals formed. 

(HPhthal)2PuCl6 (Pu–13). HCl(aq) (350 μL, 0.05 M) and phthal (2.2 mg, 0.017 mmol) were 

added to a screw cap glass vial (10 mL). An aliquot of the PuIV/HCl(aq) stock solution (150 μL, 

0.011 mmol) was then added to the vial to yield a final volume of 500 μL and a final HCl 

concentration of 3 M. The yellow/orange solution was gently mixed by hand and left to slowly 

evaporate under ambient conditions. After approximately 7 days, a large orange crystal formed. 

Raman (cm–1): 303 (vs), 524 (vs), 784 (w, sh), 794 (m), 1021 (s), 1025 (s, sh), 1032 (m, sh), 1136 

(w), 1221 (m), 1227 (m, sh), 1377 (m, sh), 1384 (m), 1409 (m, sh), 1415 (m), 1433 (m), 1447 (s), 

1450 (m, sh), 1470 (w), 1485 (s, b), 1518 (m), 1613 (m). 

(3-MePyH)2 PuCl6 (Pu–14). HCl(aq) (700 μL, 0.5 M) and an aliquot of the PuIV/HCl(aq) 

stock solution (300 μL, 0.011 mmol) were added to a vial to yield a final volume of 1000 μL and 

a final HCl concentration of 3 M. One-third of this solution was combined with 3-MePy (1 μL; 

0.010 mmol) and left to evaporate under ambient conditions. After approximately 7 days, orange 

crystals formed.  

6.7.5 X-ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters   

Single-crystal X-ray diffraction studies for Th and U compounds were performed on a 

Bruker Quest D8 diffractometer equipped with an IμS X-ray source (Mo Kα radiation; λ=0.71073 

Å) and a CMOS detector. Single crystals were isolated from the bulk and mounted on MiTeGen 
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Micromounts™ in mineral oil. Data were collected at 100 K for all thorium and uranium 

compounds except U–5, which was collected at room temperature. Single-crystal X-ray diffraction 

studies for plutonium compounds were performed on a Bruker D8 Venture diffractometer 

equipped with a Photon 100 CMOS detector and either a standard Mo Kα radiation source or an 

Ag IμS microfocus source. Data were collected at 100 K. Single crystals were isolated and 

mounted on MiTeGen Micromounts™ in Krytok grease. Given radiological concerns, additional 

measures were taken to contain Pu samples in a fashion similar to that previously reported.99  

The APEX III software suite was used to identify unit cells, integrate data, and apply 

absorption corrections (CELL_NOW/SAINT/SADABS/TWINABS v2016/2).367-368 The 

structures were solved using intrinsic phasing methods and refined using SHELXL285 within the 

ShelXle software program.369 Figures highlighting the structures reported herein were created 

using CrystalMaker (version 9.1.1). Crystallographic details for all compounds are provided in 

Table 6.4. Further refinement details are provided below. 

Generally, all non-hydrogen atoms were located within the Fourier difference maps and 

refined anisotropically. If present, hydrogens bound to hydrogen-bonding donor atoms (i.e. N and 

O) were found within the Fourier difference map unless stated otherwise. If the X–H distance 

(X=N, O) was not within reasonable limits, the distance was fixed; for water molecules, O–H 

distances were fixed at 0.88(0.02) Å and for protonated nitrogen atoms contained within the 

heterocycles, N–H distances were fixed at 0.86(0.02) Å. Protonated nitrogen and water H atom 

Ueq values were assigned as 1.5 times their carrier atom. Remaining H atoms bound to carbons of 

the N–containing heterocycles were placed in calculated positions and were allowed to ride on 

their parent atom (1.2 times Ueq). Any additional refinement actions are described hereafter.   

Th–4 (100 K). This structure was refined as a 2-component twin. 
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Th–6 (100 K). The lattice chloride anion was disordered over two positions. Similar 

displacement amplitudes (esd 0.01) were imposed on disordered sites that overlapped by less than 

the sum of van der Waals radii. Additionally, one of the 4-hydroxypyridinium cations was 

disordered across a symmetry site. The disordered ring was constrained to be a perfect hexagon. 

Hydroxyl H atom positions, R–OH, were optimized by rotation about R–O bonds with idealized 

O–H and R–H distances. 

Th–7 (100 K). An extinction coefficient was applied. 

Th–8 (100 K). One of the 3-MePyH cations was disordered over two positions. The methyl 

group of this ring was restrained to behave isotropically. Rigid bond restraints were applied to the 

entire structure. 

U–5 (293 K). The H atoms of water molecules bound to U could not be located in the 

difference map and therefore were left out of the structural model. An extinction coefficient was 

applied. Two reflections were omitted from the final refinement because they were partially 

obscured by the shadow of the beam stop. 

U–12 (100 K). An extinction coefficient was applied. Four reflections were omitted from 

the final refinement because they were partially obscured by the beam stop. 

U–6 (100 K). One of the 4–OHPyH cations was disordered across a symmetry site using a 

negative PART command. The rings of the disordered molecule were constrained to be perfect 

hexagons. SADI, ISOR, and RIGU restraints were used. EADP constraints were used for C1/C1B 

and C5/C5B. N–H or O–H hydrogens could not be found in the difference map, so they were 

placed in calculated positions. Due to symmetry, the hydrogens on O5 are in negative PARTs. 

U–13 (100 K). An extinction coefficient was applied. Two reflections were omitted due to 

partial obstruction from the beam stop. 
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Pu–9, Pu–10, Pu–13, Pu–14 (100 K). Several reflections were omitted from the 

final refinements due to obscurity by the beam stop. 

Pu–11 (100 K). The hydroxyl H atom was not located in the difference map and therefore 

was placed in a calculated position. Several reflections were omitted from the final refinement 

because they were partially obscured by the shadow of the beam stop. 

Table 6.4 Crystallographic structure refinement parameters for compounds in this 
Chapter.  

 Th–4 Th–5 Th–6 Th–7 

formula C5H17Cl6NO6Th C10H22Cl6N2O6Th C10H20Cl6N2O6Th C8H25Cl5N2O9Th 
MW (g	mol!") 631.93 711.04 709.02 702.59 

T (K) 100(2) 100(2) 100(2) 100(2) 
crystal color/habit colorless/prism colorless/block colorless/prism colorless/prism 

crystal system triclinic orthorhombic orthorhombic triclinic 
space group P1 Pbam Pnma P1 
𝜆	(Å) 0.71073 0.71073 0.71073 0.71073 
𝑎	(Å) 7.2358(4) 13.6485(7) 13.6187(5) 7.9661(3) 
b (Å) 7.2905(4) 12.1565(7) 12.1460(5) 8.5920(3) 
c (Å) 16.7565(9) 12.2861(7) 12.8200(4) 17.3073(6) 
𝛼	(deg) 95.361(2) 90 90 77.935(1) 
𝛽	(deg) 92.303(2) 90 90 77.908(1) 
𝛾	(deg) 90.638(2) 90 90 70.411(1) 

volume (Å#) 879.27(8) 2038.5(2) 2120.59(13) 1078.81(7) 
Z 2 4 4 2 

𝜌	(mg	m!#) 2.387 2.317 2.221 2.163 
𝜇	(mm!") 9.406 8.130 7.815 7.569 

R1 0.0248 0.0171 0.0232 0.0176 
wR2 0.0644 0.0348 0.0393 0.0311 
GOF 1.181 1.041 1.071 1.051 

CCDC 1912625 1912626 1912627 1912628 
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Table 6.4 (cont.) 

 Th–8 U–9 U–10 U–5 

formula C12H24Cl6N2O4Th C10H10Cl8N2U C10H10Cl6N2U C10H22Cl6N2O6U 
MW (g	mol!") 705.07 679.83 608.93 717.03 

T (K) 100(2) 100(2) 100(2) 293(2) 
crystal color/habit colorless/prism green/prism green/block green/triangle 

crystal system orthorhombic monoclinic monoclinic orthorhombic 
space group P212121 C2/c C2/m Pbam 
𝜆	(Å) 0.71073 0.71073 0.71073 0.71073 
𝑎	(Å) 12.4415(4) 18.8788(8) 13.4802(7) 13.5662(6) 
b (Å) 12.9585(4) 9.4919(4) 9.3040(5) 12.1384(5) 
c (Å) 13.7280(5) 13.0784(11) 7.0130(4) 12.2164(5) 
𝛼	(deg) 90 90 90 90 
𝛽	(deg) 90 125.498(1) 99.333(2) 90 
𝛾	(deg) 90 90 90 90 

volume (Å#) 2213.27(13) 1908.0(2) 867.93(8) 2011.70(15) 
Z 4 4 2 4 

𝜌	(mg	m!#) 2.116 2.367 2.330 2.368 
𝜇	(mm!") 7.480 9.619 10.261 8.894 

R1 0.0185 0.0127 0.0138 0.0140 
wR2 0.0322 0.0264 0.0288 0.0339 
GOF 1.056 1.117 1.115 1.334 

CCDC 1912629 1912630 1912632 1912631 
 

 U–11 U–6 U–12 U–13 
formula C10H12Cl6N2O2U C10H20Cl6N2O6U H18Cl4O9U C16H14Cl6N4U 

MW (g	mol!") 642.95 715.01 541.97 713.04 
T (K) 100(2) 100(2) 100(2) 100(2) 

crystal color/habit green/prism green/rod green/prism green/rod 
crystal system monoclinic orthorhombic orthorhombic triclinic 
space group P21/c Pnma Pbcn P1 
𝜆	(Å) 0.71073 0.71073 0.71073 0.71073 
𝑎	(Å) 8.1200(3) 13.5162(7) 12.3162(5) 7.3901(4) 
b (Å) 8.7200(3) 12.0849(6) 8.0785(3) 8.0283(6) 
c (Å) 12.8848(5) 12.8018(6) 13.6704(6) 9.4615(7) 
𝛼	(deg) 90 90 90 82.766(2) 
𝛽	(deg) 96.905(1) 90 90 72.182(2) 
𝛾	(deg) 90 90 90 86.872(3) 

volume (Å#) 905.71(6) 2091.07(18) 1360.16(10) 530.09(6) 
Z 2 4 4 1 
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Table 6.4 (cont.)     
U–11 U–6 U–12 U–13  

𝜌	(mg	m!#) 2.358 2.271 2.647 2.234 
𝜇	(mm!") 9.847 8.556 12.738 8.421 

R1 0.0130 0.0206 0.0133 0.0085 
wR2 0.0314 0.0348 0.0582 0.0229 
GOF 1.167 1.090 1.110 1.131 

CCDC 1912635 1912634 1912633 1912636 
 

 U–14 Pu–9 Pu–10 Pu–11 
formula C12H16Cl6N2U C10H10Cl8N2Pu C10H10Cl6N2Pu C10H12Cl6N2O2Pu 

MW (g	mol!") 639.00 683.80 612.90 646.92 
T (K) 100(2) 100(2) 100(2) 100(2) 

crystal color/habit green/prism orange/prism orange/prism orange/block 
crystal system monoclinic monoclinic monoclinic monoclinic 
space group P21/n C2/c C2/m P21/c 
𝜆	(Å) 0.71073 0.71073 0.71073 0.56086 
𝑎	(Å) 7.8298(3) 18.8331(11) 13.4534(14) 8.1076(9) 
b (Å) 12.1950(5) 9.4885(6) 9.3225(8) 8.7038(9) 
c (Å) 10.3161(4) 13.0733(14) 7.0226(7) 12.8666(13) 
𝛼	(deg) 90 90 90 90 
𝛽	(deg) 100.681(1) 125.539(2) 99.424(3) 97.867(3) 
𝛾	(deg) 90 90 90 90 

volume (Å#) 967.96(7) 1901.0(3) 868.88(15) 899.41(16) 
Z 2 4 2 2 

𝜌	(mg	m!#) 2.192 2.389 2.343 2.389 
𝜇	(mm!") 9.206 4.584 4.702 5.534 

R1 0.0109 0.0089 0.0075 0.0211 
wR2 0.0260 0.0220 0.0180 0.0504 
GOF 1.165 1.143 1.242 1.114 

CCDC 1912637 1912638 1912639 1912640 
 

 Pu–13 Pu–14 
formula C16H14Cl6N4Pu C12H16Cl6N2Pu 

MW (g	mol!") 717.01 642.97 
T (K) 100(2) 100(2) 

crystal color/habit orange/prism yellow-orange/blade 
crystal system triclinic monoclinic 
space group P1 P21/n 
𝜆	(Å) 0.71073 0.56086 
𝑎	(Å) 7.3961(13) 7.8411(9) 
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Table 6.4 (cont.)   
 Pu–13 Pu–14 

b (Å) 7.9983(14) 12.1613(15) 
c (Å) 9.4442(16) 10.3276(12) 
𝛼	(deg) 82.781(3) 90 
𝛽	(deg) 71.651(3) 100.990(4) 
𝛾	(deg) 86.807(4) 90 

volume (Å#) 526.00(16) 966.8(2) 
Z 1 2 

𝜌	(mg	m!#) 2.264 2.209 
𝜇	(mm!") 3.905 5.145 

R1 0.0077 0.0163 
wR2 0.0215 0.0460 
GOF 1.207 1.117 

CCDC 1912641 1912642 
 

6.7.6 Powder X-ray Diffraction 

 To confirm that the single crystals used for structure determination were representative of 

the bulk reaction product, powder X-ray diffraction (PXRD) data of Th and U compounds were 

collected using a Rigaku Ultima IV X-ray diffractometer with Cu Kα (λ=1.542 Å) radiation. Data 

were collected at room temperature using a scintillation counter detector from 3 to 40° 2θ. Due to 

radiological hazards, PXRD data were not collected for Pu compounds. The Th compounds 

showed relatively good agreement between the observed and calculated patterns; however, peaks 

that could not be indexed to the title compounds were still observed. Consistent with these 

observations, the observed elemental composition obtained from combustion elemental analysis 

for Th–4–Th–8 did not agree within <0.5% the calculated elemental composition. As ThIV salts 

are highly hygroscopic, it is likely that the compounds absorbed water during sample preparation 

thus resulting in the differences between the observed and calculated patterns. It cannot be ruled 

out; however, that there are other unidentified phases. For U compounds, the PXRD studies 

confirm the purity of the U phases that form UCl62– exclusively (i.e., U–9, U–13, and U–14; 

Appendix A.5–A.7). Elemental analyses were also performed on these phases. Bulk analyses were 
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not performed on the remaining U compounds that resulted in mixed products (i.e., U–5, U–10, 

U–11, U–6, and U–12) due to the difficulty in separating these phases coupled with their instability 

in air. 

6.7.7 Raman and IR Spectroscopies 

 Raman spectra for single crystals of thorium and uranium phases were collected on a 

Horiba LabRAM HR Evolution Raman spectrometer with an excitation line of 532 nm over 

Δν=100−4000 cm−1 using circularly polarized radiation. IR spectra were obtained using a 

PerkinElmer Spectrum 2 Fourier transform infrared (FTIR) spectrometer. Single crystals of Th 

and U compounds were placed directly on the attenuated–total–reflectance FTIR stage, and spectra 

were collected over Δν=400−4000 cm−1. Raman spectra of Pu-containing single crystals were 

collected using an ExamineR 785 spectrometer affixed to an Olympus BX51 microscope equipped 

with a Q color 6 (Olympus made) camera. Because of radiological concerns, additional precautions 

were taken to contain plutonium samples. The sample holder that provided containment is a 

Plexiglas rectangle with a quartz cell and window in the center that provided an optical path (Photo 

6.2). The laser and detector settings were optimized for each sample to obtain sufficient signal-to-

noise. All Raman and IR spectra were collected at room temperature. Refer to Appendix B.2–B.15 

for plotted spectra. 

 

Figure 6.20 Plexiglass sample holders for Pu Raman spectroscopy. The quartz viewing window 
is designed to contain Pu samples during Raman data collection.   
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6.7.8 Electronic Absorption Spectroscopy 

For uranium solutions, UV-vis-NIR data were collected from 300 to 1100 nm on an Agilent 

Technologies Cary 5000 UV-vis-NIR spectrometer. The liquid reaction solutions (5 times dilution 

with HCl(aq); 3 M) were placed into a quartz cuvette, and the data were collected utilizing a double 

beam liquid attachment with a background subtraction (HCl(aq); 3 M). Data on the solid-state 

products were collected on the same instrument using a solid-state attachment. The bulk reaction 

product was ground with roughly two mass equivalents of poly(methyl methacrylate) to create an 

evenly dispersed matrix and placed into a solid-state sample holder. For Pu compounds, 

UV−vis−NIR data on reaction solutions were collected in standard screw-top quartz cuvettes on 

an Agilent Cary 5000 UV-vis-NIR spectrometer. A HCl(aq) (3 M) “blank” was used for background 

subtraction, and the scan speed was 400 nm/min. The sample height was adjusted so that the small 

volume was not an issue. Solid-state UV-vis-NIR data on plutonium compounds were collected 

on single crystals that were placed on a quartz slide under Krytox oil from 300−1100 nm using a 

CRAIC 20/30 PV dual microspectrophotometer. 

6.7.9 Elemental Analysis 

 A PerkinElmer model 2400 elemental analyzer instrument was used to perform combustion 

elemental analysis on several U compounds. Samples (1.5−2.5 mg) were weighed into small tin 

containers and manipulated into small capsules. The samples were run in triplicate, and the 

reported value is the average of three runs.  
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CHAPTER 7: THE IMPACT OF NONCOVALENT INTERACTIONS ON THE 

STRUCTURAL CHEMISTRY OF THORIUM(IV)–AQUO–CHLORO COMPLEXESe 

7.1 Introduction 

This Chapter details a combined experimental and computational approach aimed at elucidating 

the factors that underpin the rich structural chemistry of Th–aquo–chloro complexes isolated in 

the presence of a small catalog of N–heterocycles. Building upon the results presented in Chapter 

6, a broader library of H-bond donors (Figure 7.1) were explored; the influence of counter-cation 

identity on complex composition was investigated and theory was employed to understand the 

energetic landscape that separated the species observed in the solid-state.   

 Using a series of eight N–heterocyclic H-bond donors (Figure 7.1), seven unique ThIV 

compounds precipitated from acidic aqueous solutions. The Th metal centers were found to adopt 

8- or 9-coordinate complexes with the formulas [Th(H2O)xCl8–x]4–x (x = 2, 6) and [Th(H2O)xCl9–

x]4–x (x = 5–7). Although the structural units can generally be described as ThIV–aquo–chloro 

complexes, they vary in composition, charge, and coordination geometry, dependent on the 

counter-ion present in the outer coordination sphere. Furthermore, the complexes range from 

chloride-deficient to chloride-rich species, and thus provide a model system for not only 

understanding the directing effects of noncovalent interactions, but also the stepwise addition of 

Cl– to the aquated thorium cation, [Th(H2O)n]4+. Through computational analysis, the energetic 

landscape of these complexes was probed as a function of the successive replacement of inner 

 
e The majority of the work presented in this Chapter is in preparation for publication. J. N. Wacker, 
M. Vasiliu, A. C. Marwitz, A. Nicholas, J. A. Bertke, D. A. Dixon, K. E. Knope. The Impact of 
Noncovalent Interactions on the Structural Chemistry of Thorium(IV)–Aquo–Chloro Complexes. 
In preparation, 2020. 
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coordination sphere water ligands with chloride ions. The structures, vibrational properties, and 

computational results are presented herein. 

 

Figure 7.1 Chemical structures of the protonated nitrogen-containing heterocyclic counter-
ions used in this work and their corresponding pKa values. *Note that 4-hydroxy-3,4-
dihydroquinazolin-1-ium (QuinoH) was introduced into the reaction as quinazoline, but underwent 
tautomerization, which is common for quinazolines in acidic aqueous solutions, to yield the 
structure denoted as QuinoH.370  

 

7.2 Synthetic Approach of Thorium(IV)–Aquo–Chlorides 

 All compounds were prepared following the same general synthetic procedure wherein thorium 

tetrachloride was dissolved into hydrochloric acid (HCl(aq); 3 M) to form an aqueous ThIV/HCl aqueous 

solution. One molar equivalent (based on Th) of the respective N-containing heterocycle was 

subsequently added and the reaction solutions were left under an inert atmosphere to slowly evaporate. 

After approximately 7 days, colorless crystals of the thorium compounds were observed. Further 

synthetic details are described in Section 7.8.2 for compounds Th–15 through Th–19 and Section 6.7.2 

for compounds Th–4, Th–5, and Th–7. Th–15 through Th–19 were subsequently characterized by 
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single crystal X-ray diffraction, and Raman and IR spectroscopies. Crystallographic parameters are 

located in Table 7.4; characterization details can be found in Section 7.8.3–7.8.5.  

 

7.3 Structure Descriptions of Thorium(IV)–Aquo–Chlorides 

 Reactions of thorium(IV) tetrachloride with eight nitrogen-containing heterocycles under 

acidic aqueous conditions yielded seven unique structure types. The compounds contain thorium 

in the +4 oxidation state with coordination numbers of either eight or nine, including 

[Th(H2O)xCl8–x]4–x (x=2, 6) and [Th(H2O)xCl9–x]4–x (x=5–7), illustrated in Figure 7.2. The structures 

are built from monomeric units; however, the monomeric complexes differ in both coordination 

number and the amount of bound water and chloride ligands that link into supramolecular networks 

through noncovalent interactions like hydrogen (H) bonding. The protonated N–heterocycles 

reside in the outer coordination sphere and serve as charge-balancing ions, while also engaging in 

key noncovalent interactions like 𝜋–𝜋 stacking and halogen–𝜋 interactions that assist in the 

isolation of these phases in the solid-state. Tabulation of all noncovalent interactions that support 

the assembly of these compounds are provided in the Appendix (G.20–G.24). 

 

Figure 7.2 Illustration of the seven distinct Th(H2O)xCly structural units observed within the 
Th compounds presented in this Chapter. (a) Th–15, (b) Th–16 and Th–18, (c) Th–17, (d) Th–
19, (e) Th–5, (f) Th–4, and (g) Th–7. The progression from chloride-rich to chloride-poor 
coordination complexes with the successive substitution of water molecules is highlighted. Blue 
spheres represent Th; red and green spheres are O and Cl, respectively. Hydrogen atoms bound to 
O atoms have been omitted for clarity. 
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 A summary of ThIV–ligand bond lengths, which are consistent with previously reported 

ThIV–OH2O and ThIV–Cl distances,88,129,356 is provided in Table 7.1. Brief descriptions of the 

structures are provided below, with the exception of [Th(H2O)5Cl4]×(H2bipy×2Cl)×H2O (Th–5), 

[Th(H2O)6Cl3]Cl×(3-ClPyH×Cl) (Th–4), and [Th(H2O)7Cl2]Cl2×2H2O(PhthalH×Cl) (Th–7), as they 

have been described previously in Chapter 6.  

Table 7.1 Average Th–OH2O and Th–Cl bond distances for the ThIV–aquo–chloro 
compounds reported in this Chapter.a 

Compound Coordination  
Number An–OH2 (Å) An–Cl (Å) 

Th–15 8 2.517(113) 2.786(56) 

Th–16 8 2.480(19) 2.7389(43) 

Th–17 8 2.457(7) 2.764(33) 

Th–18 8 2.482(26) 2.745(11) 

Th–19 8 2.473(31) 2.746(24) 

Th–5 9 2.499(36) 2.808(28) 

Th–4 9 2.509(33) 2.768(39) 

Th–7 9 2.481(39) 2.757(30) 
a Errors are the standard deviation of the mean. 

  

7.3.1 (QuinoH)2[Th(H2O)2Cl6]⋅H2O (Th–15) 

 The structure of (QuinoH)2[Th(H2O)2Cl6]⋅H2O (Th–15) crystallizes in the Pnma space 

group. The structure is built from dianionic, monomeric [Th(H2O)2Cl6]2– units wherein the Th is 

8-coordinate and adopts a distorted square antiprismatic coordination geometry. Each Th is bound 

to 2 water molecules and 6 chlorides (Figure 7.2a). The anionic complexes are charge-balanced by 

4-hydroxy-3,4-dihydroquinazolin-1-ium cations (QuinoH+); a lattice water molecule is also 
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present in the structure. As shown in Figure 7.3, hydrogen bonding interactions between Th–bound 

water molecules, lattice water molecules, and hydroxyl groups of the QuinoH+ cations results in 

2D supramolecular sheets. The sheets are further linked into a 3D framework through 𝜋–𝜋 stacking 

interactions amongst QuinoH+ rings and H-bonding interactions between [Th(H2O)2Cl6]2– units 

along the [010] direction. Significant H-bonding interactions occur along the [001] direction 

between Th–OH2···O(H)–QuinoH [2.645(6) Å, 161(4)°], QuinoH–O(H)···O(H2)lattice [2.691(6) Å, 

170(4)°], and Th–OH2···O(H2)lattice [2.896(8) Å, 177(4)°]. 𝜋–𝜋 stacking distances include 3.635(3) 

and 3.728(3) Å with slip angles at 22.4° and 26.6°, respectively, calculated by the PLATON 

software suite as the angle between the vector normal to the plane of the ring and the vector formed 

through the respective centroids.210     

 

Figure 7.3 Packing diagram of Th–15. A 2D framework is formed through hydrogen bonding 
interactions between [Th(H2O)2Cl6]2– units, lattice water molecules, and QuinoH+ hydroxyl 
groups. 𝜋–𝜋 stacking interactions are also present between QuinoH+ counter-ions that together 
propogate the structure into a 3D supramolecular framework. Noncovalent interactions are shown 
as dashed lines. Hydrogen atoms have been omitted for clarity. Color code: Th, light blue; O, red; 
Cl, green; N, dark blue; C, black. 
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7.3.2 [Th(H2O)4Cl4]⋅2(2-MePyH⋅Cl)⋅H2O (Th–16) 

 [Th(H2O)4Cl4]⋅2(2-MePyH⋅Cl)⋅H2O (Th–16) crystallizes in the P21/c space group. Eight-

coordinate ThIV adopts a charge neutral Th(H2O)4Cl4 complex bound to four waters and four 

chlorides. The ThIV metal center arranges in a distorted square prismatic geometry (Figure 7.2b).  

 

Figure 7.4 Illustration of Th–16. (a) “Thick” chains formed are through O−H···Cl, N−H···Cl, 
and C−H···𝜋 interactions. (b) A supramolecular network is formed through O−H···Cl hydrogen-
bonding interactions. Noncovalent interactions are shown as dashed lines. Hydrogen atoms and 
disorder of the 2-MePyH+ rings have been omitted for clarity. Color code: Th, light blue; O, red; 
Cl, green; N, dark blue; C, black. 

 
Protonated 2-MePyH+ cations, Cl– ions, and lattice water exist in the outer coordination sphere. 

Interactions between Th–bound water molecules/chlorides and free water molecules/chlorides 
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connect the structure along [100] as shown in Figure 7.4a, with the strongest H-bonding interaction 

between a Th-bound water and the lattice water molecule at a distance of 2.665(3) Å with the H-

bond angle formed between the donor–H···acceptor at 161(3)°. N−H···Cl interactions between the 

2–methylpyridinium cations and outer-sphere chloride ions, as well as ring interactions (C–H···𝜋) 

interactions between 2-MePyH+ rings propagate the units in the (110) plane. O−H···Cl interactions 

between Th-bound water molecules and chlorides of adjacent Th(H2O)4Cl4 units as well as 

O−H···Cl interactions between bound water molecules/chlorides and free water 

molecules/chloride ions further link the mononuclear units into a complex 3D supramolecular 

framework (Figure 7.4b). 

7.3.3 [Th(H2O)4Cl4]⋅2(HPhen⋅Cl)⋅2H2O (Th–17) 

 With 1,10-phenanthroline as the counter-ion, [Th(H2O)4Cl4]⋅2(HPhen⋅Cl)⋅2H2O (Th–17) 

crystallizes in the Pbcn space group wherein 8-coordinate ThIV adopts a square prismatic geometry 

bound to 4 water molecules and 4 chloride ligands in a as shown in Figure 7.2c. The charge-neutral 

[Th(H2O)4Cl4] monomers participate in H-bonding with free chlorides and water molecules to 

form 1D chains along [100] (Figure 7.5a). H-bonding between Th–bound waters with outer sphere 

species exist, with the strongest interactions at distances and bond angles equal to 3.033(5) and 

128(4)° (O−H···Cl interaction) and 2.781(6) Å and 173(7)° (O−H···OH2 interaction). Through N–

H···OH2 interactions between H2terpy and free water molecules [2.801(6) Å; 151(6)°], the 1D 

chains along [100] are propagated by offset 𝜋–𝜋 stacking interactions down [010] to produce 

“thick” 2D sheets (Figure 7.5b). Metrics for the extensive 𝜋–𝜋 stacking present range from the 

shortest interaction at 3.492(4) with a slip angle of 15.2° to 3.745(4) Å with a slip angle of 25.7°. 

O−H···Cl interactions between [Th(H2O)4Cl4] units are also present along [010] with a distance 

of 3.083(5) Å and 156(4)°.          
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Figure 7.5 Packing diagram of Th–17. (a) H-bonding interactions are found between 
[Th(H2O)4Cl4] units, lattice chlorides and water molecules, and HPhen+ counter-ions. (b) 𝜋–𝜋 
stacking and O−H···Cl interactions between [Th(H2O)4Cl4] monomers along [010] to yield “thick” 
2D sheets. Noncovalent interactions are shown as dashed lines. Hydrogen atoms have been omitted 
for clarity. Color code: Th, light blue; O, red; Cl, green; N, dark blue; C, black. 

  

7.3.4 [Th(H2O)4Cl4]⋅2(H2Terpy⋅2Cl)⋅3H2O (Th–18) 

 [Th(H2O)4Cl4]⋅2(H2Terpy⋅2Cl)⋅3H2O (Th–18) crystallizes in the P21 space group. As 

illustrated in Figure 7.2d, the ThIV metal center is square prismatic in the charge-neutral 

[Th(H2O)4Cl4] monomers. Doubly protonated terpyridine cations, free chlorides, and water 
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molecules reside in the outer coordination sphere. [Th(H2O)4Cl4] units are linked through H-

bonding with free water molecules and chlorides that reside between adjacent monomers. 

 

Figure 7.6 Packing diagram of Th–18. 1D chains are formed through H-bonding interactions 
between [Th(H2O)4Cl4] units, lattice chlorides and water molecules, and H2terpy2+ counter-ions 
and 𝜋–𝜋 stacking interactions along [001]. Noncovalent interactions are shown as dashed lines. 
Hydrogen atoms have been omitted for clarity. Color code: Th, light blue; O, red; Cl, green; N, 
dark blue; C, black.  
 

The strongest O−H···Cl interaction is at a distance and bond angle of 3.055(4) and 173(4)° and 

the strongest O−H···OH2 interaction is at a distance and bond angle of 2.639(5) and 170(6)° 

(Figure 7.6). “Thick” 1D chains are formed along [001] by 𝜋–𝜋 stacking that occurs adjacent to 

the [Th(H2O)4Cl4] units between the H2terpy2+ rings. The H2terpy2+ rings also engage in N–H···Cl 

interactions with the strongest interaction found at a distance and slip angle equal to 3.026(5) Å 

and 155(5)°. 
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7.3.5 [Th(H2O)4Cl4]⋅2(4-ClPyH⋅Cl) (Th–19) 

 In the presence of 4-chloropyridinium, [Th(H2O)4Cl4]⋅2(4-ClPyH⋅Cl) (Th–19) crystallizes 

in the Pnma space group with the 8-coordinate ThIV metal center in the Th(H2O)4Cl4 monomers 

adopting a distorted trigonal bicapped prism (Figure 7.2e). 4-ClPyH+ cations and free chlorides 

reside in the second coordination sphere. N–H···Cl/OH2 and O–H···Cl–PyH interactions between 

4-ClPyH+ cations and Th–bound chlorides and water molecules propagate along [001] and extend 

into two-dimensions by H-bonding of Th–bound water molecules with free chlorides.  

 

Figure 7.7 Packing diagram of Th–19. A 3D supramolecular network is formed through H-
bonding interactions between [Th(H2O)4Cl4] units, lattice chlorides, and 4-ClPyH+ counter-ions, 
𝜋–𝜋 stacking, and halogen–𝜋 interactions. Noncovalent interactions are shown as dashed lines. 
Hydrogen atoms have been omitted for clarity. Color code: Th, light blue; O, red; Cl, green; N, 
dark blue; C, black.  
 
A 3D network is formed by halogen–𝜋 interactions along the [100] direction between the ring of 

one 4-ClPyH+ cation and the chloride bound to an adjacent 4-ClPyH+ ring (Figure 7.7). 𝜋–𝜋 

stacking interactions also exist in the structure, with the shortest interaction distance at 3.548(6) Å 

and a slip angle of 12.2°. Halogen–𝜋 interactions exist with the strongest interaction found at 

3.417(7) Å with a displacement angle of 27.88°. The strongest H-bonding interactions involve 4-
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ClPyH+ cations and Th-bound water molecules, with a N–H···OH2 distance and bond angle of 

2.965(4) Å and 143(5)°.       

 Whereas Th–15 consists of [Th(H2O)2Cl6]2– dianionic monomers, compounds Th–16 – 

Th–19 all contain 8-coordinate [Th(H2O)4Cl4] monomers. Interestingly, despite the same ratio of 

water to chloride ligands, the coordination geometry about the metal center differs. The first 

isomers (Figures 7.2b, c) adopt water molecules that are trans from one another to form a distorted 

square prism. The second isomer (Figure 7.2d) forms a bicapped trigonal prism with four chlorides 

sitting just above a plane with three water molecules above the plane and one below. Compared to 

what has previously been reported, these isomers have been observed for Th(IV) and 

U(IV),235,255,356 yet the trans conformation seems to be more prevalent. Based simply on the high 

volume that this structural unit was observed irrespective of counter-ion identity, it can be 

proposed that this confirmation is a thermodynamic sink. This claim can be supported through 

computational analysis described in the next Section that calculated the relative energy 

conformation between the ThIV–aquo–chloro monomers as their coordination sphere transitions 

from chloride-poor to chloride rich.   

 

7.4 Theoretical Efforts 

7.4.1 Assembly of ThIV Structures with Stepwise Chloride Substitution   

 A full series of complexes was assembled to supplement the compounds reported herein, 

with three additional ThIV–aquo–chloro monomers included from Chapter 6 – 

[Th(H2O)5Cl4]⋅(H2bipy⋅2Cl)⋅H2O (Th–5), [Th(H2O)6Cl3]Cl⋅(3-ClPyH⋅Cl) (Th–4), and 

[Th(H2O)7Cl2]Cl2⋅2H2O⋅(HPhthal⋅Cl) (Th–7). As the additional compounds were outlined in 

Chapter 6, there structures will only briefly be defined. Compounds Th–5, Th–4, and Th–7 adopt 
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9-coordinate tricapped trigonal prismatic geometries about the ThIV metal center. With 

bipyridinium as the counter-cation, Th–5 crystallizes in the Pbam space group with ThIV bound to 

5 water molecules and 4 chloride ligands to form charge-neutral [Th(H2O)5Cl4] units (as shown in 

Figure 7.2e). Alternating sheets of [Th(H2O)5Cl4]·H2O and H2bipy·2Cl form a supramolecular 

network. By exchanging bipyridinium with 3-chloropyridinium, Th–4, which crystallizes in the 

P1 space group, forms cationic [Th(H2O)6Cl3]1+ mononuclear units (Figure 7.2f) wherein chloride 

anions and 3-ClPyH+ cations exist in the outer coordination sphere. Lastly, upon introduction of 

phthalazine, Th–7 crystallizes in the P-1 space group and contains the highest amount of water 

molecules in the inner coordination sphere of Th. ThIV, bound to 7 waters and 2 chloride ions as 

shown in Figure 7.2g, adopts [Th(H2O)7Cl2]2+ cationic monomers that are charged-balanced by 

lattice chlorides and supported by hydrogen bonding interactions from PhthalH+ and additional 

free water molecules in the secondary coordination sphere.     

 This complete series of eight compounds was isolated such that the step-wise addition of 

Cl– to ThIV occurs from chloride-deficient [Th(H2O)7Cl2]2+ in Th–7 to chloride-rich 

[Th(H2O)2Cl6]2– in Th–15 in an effort to examine the stabilizing effects of the counter-ion in 

complex formation. 

7.4.2 Energetic Landscape of Thorium(IV)–Aquo–Chloro Complexes 

With a catalog of ThIV–aquo–chloro monomeric complexes in hand, we first turned 

towards density functional theory calculations to understand the relative energetics between the 

series of ThIV complexes, collectively assembled to emphasize the stepwise addition of chloride. 

The energetics for the addition of Cl– to ThIV(aq) and the transition from 9-coordinate to 8-

coordinate complexes are given in Table 7.2. The reactions include a correction of +4.3 kcal/mol 

for the production of H2O as a product in aqueous solution due to the definition of the standard 
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state. The geometries were optimized at the DFT/B3LYP level in the gas phase and in aqueous 

solution. The optimization in solution was needed for the dianion to not lose additional water 

molecules. The best values are given with CCSD(T) methods using the aqueous optimized 

geometry, yet the aqueous reaction energy values are all in reasonable agreement with each other 

at the DFT/B3LYP, MP2, and CCSD(T) levels (Table 7.2). This is most likely due to the formal 

+4 oxidation state of the closed shell Th.  

We began with the aquated ThIV ion, [Th(H2O)9]4+, although it should be noted that in 

solution ThIV is generally accepted to exist as a 9- or 10-coordinate aquo ion, demonstrated by 

extended X-ray absorption fine structure (EXAFS) measurements.57,89-90 In the solid-state, it was 

shown that crystallization from aqueous hydrobromic solutions yielded a 10-coordinate ThIV metal 

center in [Th(H2O)10]Br4.88 Given the coordination numbers for the series of solid-state ThIV–

aquo–chloro complexes presented in this work, as well as for the sake of simplicity in theoretical 

calculations, we chose to start with the 9-coordinate Th aquo ion and progress through stepwise 

complexation with chloride and release of water towards 8-coordinate Th. As outlined by the 

reactions in Table 7.2 for 9-coordinate complexes, the CCSD(T) results highlight exothermic 

reactions upon substitution of Cl– and displacement of H2O from [Th(H2O)9]4+ (calculated) to 

generate Th(H2O)3Cl51– (calculated) stepwise.  
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Table 7.2 Reaction energies, ΔGaq, in kcal/mol for selected ThIV–aquo–chloro complexes. 

optimization level aq aq aq aq 

method B3LYP B3LYP CCSD(T) MP2 

basis set DZVP2 aD aD aD 

reaction ΔGaq ΔGaq  ΔGaq ΔGaq 

Th(H2O)9
4+ + Cl– → Th(H2O)8Cl3+ + H2O -3.6 -1.0 -3.1 -2.2 

Th(H2O)8Cl3+ + Cl– → Th(H2O)7Cl2
2+ (g) + H2O -11.3 -9.0 -10.7 -11.0 

Th(H2O)7Cl2
2+

 (g) + Cl– → Th(H2O)6Cl3
1+

 (f) + H2O -5.5 -2.4 -3.4 -3.5 

Th(H2O)6Cl3
1+

 (f) + Cl– → Th(H2O)5Cl4 (e) + H2O -2.4 0.2 -1.3 -1.8 

Th(H2O)5Cl4 (e) + Cl– → Th(H2O)3Cl5
1–

 + 2 H2O -8.6 -7.1 -2.1 -2.8 

Th(H2O)3Cl5
1–

 + Cl– → Th(H2O)2Cl6
2–

 (a) + H2O 3.2 5.9 5.4 4.6 

*Energies were calculated at the B3LYP/DZVP2 and B3LYP/aD DFT levels and 
CCSD(T)/aD (=aug-cc-pVDZ-PP(Th)) and MP2/aD correlated MO levels. Optimized at 
B3LYP/DZVP2 in solution. 

The most favorable transformation for 9-coordinate complexes generated Th(H2O)7Cl22+ 

(experimentally observed in Th–7; Figure 7.2g) from Th(H2O)8Cl3+ (calculated); the least 

favorable reaction yielded Th(H2O)5Cl4 (experimentally observed in Th–5; Figure 7.2e), although 

the formation of Th(H2O)6Cl31+ (experimentally observed in Th–4; Figure 7.2f) and Th(H2O)3Cl51–

(calculated) are within 2 kcal/mol when using the aqueous optimized geometries at the CCSD(T) 

level. Overall, crystallization of the 9-coordinate ThIV–aquo–chloro complexes observed in Th–5, 

Th–4, and Th–7 are consistent with computational findings that determined their energetic driving 

force to be advantageous, even without the presence of counter-ions. The values can be fit in an 

approximately linear fashion as a function of charge as shown in Figure 7.8. Interestingly, the 

addition of more chlorides did not bear a favorable ΔG(aq) value to generate the dianionic complex, 

[Th(H2O)2Cl6]2– (experimentally observed in Th–15; Figure 7.2a), with a distinctly endothermic 

ΔG(aq) value at all levels of theory as shown in Table 7.2 and Figure 7.8. 
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Figure 7.8 Cl– addition and H2O displacement energy as a function of molecular charge. 
Calculations were performed at the CCSD(T) / aqueous opt level. 
 

The transition from 9-coordinate to 8-coordinate complexes was captured by the release on 

water from Th(H2O)5Cl4 (experimentally observed in Th–5; Figure 7.2d), which can lose an H2O 

by different paths, and depending on the final geometry of Th(H2O)4Cl4 (experimentally observed 

in Th–16 – Th–19; Figures 7.2b–d), the reaction can be slightly exothermic to slightly 

endothermic (Table 7.3). As noted in Section 7.3, four of the eight Th complexes presented herein 

adopted the Th(H2O)4Cl4 structural unit, but they varied in coordination geometries. 

Computational insight exposed the relative energetics of formation for the “trans” Th(H2O)4Cl4 

structural units (Figure 7.2b, c) vs. the “bicapped trigonal prism” in Th(H2O)4Cl4 (Figure 7.2d) 

that were calculated to vary slightly in energy, but all relatively close to one another. At the 

CCSD(T) level, for example, the ΔG(aq) values for the formation of Th(H2O)4Cl4 from Th(H2O)5Cl4 

were calculated at -0.5 kcal/mol (isomer observed in Figure 7.2b), -1.1 kcal/mol (isomer observed 

in Figure 7.2c), and +0.3 kcal/mol (isomer observed in Figure 7.2d). These results reinforce 

experimental observations that noted higher amounts of the trans isomers relative to the “bicapped 

Charge 

En
er

gy
, k

ca
l/m

ol

y = -3.35x + 0.93
R² = 0.85

-11

-8

-5

-2

1

4

7

-1 0 1 2 3

Charge vs ΔGaq (CCSD(T)) 



 154 

trigonal prism” isomer, albeit not favored by a large amount. Nonetheless, the Th(H2O)4Cl4 

represents a thermodynamic sink for 8-coordinate ThIV–aquo–chloro complexes observed 

experimentally and buoyed by theoretical support, with this preferred coordination likely due to 

its charge-neutral nature. Notably, the addition of Cl– to Th(H2O)4Cl4 to form Th(H2O)3Cl51– is 

always exothermic, yet not observed experimentally (Table 7.3). 

Table 7.3 Reaction energies, ΔGaq, in kcal/mol highlighting transformations of different 
Th(H2O)4Cl4 isomers.  

optimization level aq aq aq aq 

method B3LYP B3LYP CCSD(T) MP2 

basis set DZVP2 aD aD aD 

reaction ΔGaq ΔGaq ΔGaq ΔGaq 

Th(H2O)5Cl4 (e) → Th(H2O)4Cl4 (b) + H2O -5.6 -6.5 -0.5 -0.4 

Th(H2O)5Cl4 (e) → Th(H2O)4Cl4 (c) + H2O -6.1 -7.1 -1.1 -1.1 

Th(H2O)5Cl4 (e) → Th(H2O)4Cl4 (d) + H2O -5.4 -6.5 0.3 0.4 

Th(H2O)4Cl4 (b) + Cl– → Th(H2O)3Cl5
1–

 + H2O -3.0 -0.6 -1.6 -2.3 

Th(H2O)4Cl4 (c) + Cl– → Th(H2O)3Cl5
1–

 + H2O -2.5 0.0 -1.1 -1.7 

Th(H2O)4Cl4 (d) + Cl– → Th(H2O)3Cl5
1–

 + H2O -3.2 -0.6 -2.4 -3.2 

*Energies were calculated at the B3LYP/DZVP2 and B3LYP/aD DFT levels and 
CCSD(T)/aD (=aug-cc-pVDZ-PP(Th)) and MP2/aD correlated MO levels. Optimized 
at B3LYP/DZVP2 in solution. 

The results clearly highlight two main points; (1) there is an overall energetic driving force 

towards thorium complexation with chloride ions and release of inner coordination sphere water 

molecules until a “saturation point” is reached wherein the addition of chloride begins to become 

less favorable [i.e. Th(H2O)2Cl62–], and (2) the relative energies that separate each of these phases 

are relatively small, such that noncovalent interactions from the outer coordination sphere could 

feasibly push the equilibrium towards one phase over another. Although not trivial, future work 
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aims to investigate the role of the outer sphere counter-cations through inclusion in computational 

models with the metal complexes in an effort to understand their role in shifting the equilibrium 

towards previously unfavorable phases.   

7.4.3 Electrostatic Potential Plots of Thorium(IV)–Aquo–Chlorides  

Calculations to yield the electrostatic potentials (ESP) of the ThIV–aquo–chloro complexes 

and outer-coordination sphere counter-ions are currently in progress with the goal to understand 

potential directing effects from the counter-cations in the assembly and stabilization of the ThIV 

inner coordination sphere. In applications of this method, we are able to quantitatively determine 

whether the noncovalent interactions present in the crystal structures are acting as directing forces 

that allow for the isolation of the unique ThIV coordination complexes herein, or rather are simply 

an electrostatic packing effect observed crystallographically. Rather, examination of electrostatic 

potentials allows insight beyond the first coordination sphere, as modelled with the aforementioned 

DFT calculations. Although these data and analyses are currently ongoing, Th–19 is provided as 

an example, with guidance provided by previous examples of ESPs.99,200,274 As shown in Figure 

7.9, ESPs of the charge-neutral Th(H2O)4Cl4 complex and outer sphere counter-ion, 4-ClPyH+ 

found within Th–19 are illustrated. Noncovalent interactions can exist between the red/blue areas 

of the inner and outer coordination spheres, with precedence for a >30 kJ/mol difference 

considered to be a structure-directing effect.99 Upon revisiting the crystal structure (Figure 7.7), 

these interactions are indeed present.  
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Figure 7.9 Electrostatic potential (ESP) plots for Th–19. Illustrations show (a) the charge-
neutral ThIV coordination complex, Th(H2O)4Cl4, and (b) one of the outer coordination 4-ClPyH+ 

counter-ions. The color schemes range from dark blue to red and cover 761.4 kJ mol–1 to –223.2 
kJ mol–1, respectively.    
 
Hydrogen bonding between the N–H of the 4-ClPyH+ cation (donor, blue, ESP≈746 kJ mol–1) and 

thorium-bound chlorides (acceptor, red, ESP≈–186 kJ mol–1) exist as N–H···Cl–Th interactions. 

Furthermore, thorium–bound waters (donor, blue, ESP≈531 kJ mol–1) and the chloride of 4–

ClPyH+ cation (acceptor, red, ESP≈386 kJ mol–1) exist as Th–OH2···Cl–PyH+ interactions. 
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Ultimately, a summary of the ESPs will optimistically yield trends regarding coordination number 

and inner coordination sphere assembly based on the electrostatic surface potentials of the cations. 

 

7.5 Vibrational Properties of Thorium(IV)–Aquo–Chlorides 

 Although the ThIV [Rn]5f0 electron configuration lends a hand in the ease of electronic 

structure calculations, it limits the number of spectroscopic handles available to assess the 

properties of ThIV compounds. Vibrational spectroscopy thus is a valuable tool to understand the 

structures-property relationships of ThIV hybrid materials. Further, Raman spectroscopy in 

particular has been used to probe the impact of outer sphere H-bonding on the vibrational shifts of 

An–ligand bonding, albeit much more successfully on actinyl compounds.204-205   

 The Raman and IR spectra of the novel ThIV compounds presented herein are largely 

dominated by the stretches owned to the organic N-heterocycles in the outer coordination sphere, 

as has been common throughout the materials presented throughout this Dissertation. As such, a 

representative example, the vibrational properties of [Th(H2O)4Cl4]⋅2(2-MePyH⋅Cl)⋅H2O (Th–

16), will be discussed, plotted in Figure 7.10. The remaining data is in Appendix B.18–B.21.  

 Presence of peaks around 1016, 1615, 1633, 3000 cm–1 are consistent with C–C, C–N, and 

C–H stretches originating from the 2-methylpyridinium in the outer sphere of Th–16.260 Although 

dwarfed by the high intensities of the counter-ion stretches, weak bands associated with Th–OH2 

and Th–Cl metal–ligand vibrations are located at 216, 230, and 258 cm–1 in the Raman spectrum. 

These values are similar to the other compounds reported herein, in addition to previous 

investigations that used computational analyses to support Raman and IR assignments of An-

halide complexes.255,356  Overall, the IR and Raman spectra are consistent with one another and in 
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good agreement with other vibrational properties of previously reported An/aquo/halide 

compounds.227,255,356 

 

Figure 7.10 Infrared (IR) and Raman spectra of Th–16. Spectra are plotted over 100–4000 cm–

1 (Raman=blue, IR=red). 
	
7.6 Discussion  

7.6.1 Aqueous ThIV Speciation in Solution and the Solid-State 

 The solution behavior of ThIV in chloride solutions is known to deviate from the other early 

tetravalent actinides, U–Pu. Rather, although Th was shown by large-angle X-ray scattering 

measurements to complex Cl– in solution, the relative extent of chloride complexation was much 

less compared to the other early +4 actinides.363 This observation is echoed in the separations 

behavior of AnIV ions wherein even at high concentrations of HCl(aq), ThIV adsorption to an anion-

exchange resin is negligible, consistent with the presence of neutral or cationic species similar to 

most of the ThIV–aquo–chloro complexes reported herein. In contrast, the affinity of PuIV to an 
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anion-exchange column is considerably high, consistent with the formation of the PuIVCl62– 

dianion in solution.231 The differences in solution behavior between ThIV , UIV, and PuIV were 

evidenced in the solid-state structural chemistry of the compounds that precipitated from acidic 

chloride solutions with N-heterocyclic counter-ions (Ch. 6). Periodic breaks were demonstrated 

by the complexes that were isolated when moving from ThIV to PuIV.371 

Although scarce, related ThIV–aquo–halide compounds have been reported in the solid-

state such as Th(H2O)4Cl4·(1,4-dioxane)3 and Th(H2O)4Cl4·(THF)5.235 Reported by Kiplinger and 

coworkers, these examples show ThIV in a distorted square antiprism geometry and the 

[Th(H2O)4Cl4] units are akin to those observed in Th–16 through Th–18. The prevalence of 8- to 

9- coordinate ThIV–aquo–halide complexes contrasts the coordination number of the ThIV aquo ion 

that crystallized in the solid state as [Th(H2O)10]·Br4.88 Related monomeric and dimeric An–aquo–

halide compounds that only contain water or chloride in their first coordination sphere have also 

been reported; of particular note is the complex [Th(H2O)7Cl2]·Cl2·18-crown-6·2H2O, which 

contains a structural unit related to that observed in Th–7.272-273 Other dimeric hydrolysis products 

have been crystallized including [Th(μ2-OH)2Cl2(H2O)12]Cl4·2H2O from acidic HCl solutions and 

[Th(μ2-OH)Cl(H2O)6]2Cl4·18-crown-6·2H2O stabilized by 18-crown-6 molecules.129,271         

Similar behavior between ThIV and PuIII is noted, with monomeric PuIII–aquo–chloro 

complexes isolated with varying aquo/chloride ratios and counter-ions including cis-

Cs[Pu(H2O)4Cl4], trans-Cs5[Pu(H2O)4Cl4]Cl4·2H2O, (Et4N)[Pu(H2O)6Cl2]Cl2·2H2O, and 

(C5H5NBr)2[Pu(H2O)5Cl3]Cl2·2H2O.274-275  

7.6.2 Understanding Experimental Observations through Theoretical Support 

Thorium complexation of chloride under aqueous conditions are favorable, supported by 

both solution and solid-state observations. What makes the series of ThIV–aquo–chloro complexes 
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assembled in this Chapter unique is the near stepwise addition of chloride to the inner sphere of 

thorium, dependent on the counter-cation present in the reaction. As such, these complexes were 

innately positioned as an ideal system to understand the potential directing and/or stabilizing 

effects of noncovalent interactions on actinide complexation using a combined experimental and 

computational approach. First, DFT calculations generally revealed an energetic driving force 

towards the formation of cationic or charge-neutral Th–aquo–chloro complexes (Table 7.2) in the 

absence of counter-ions. The stepwise addition of chloride to the inner sphere of Th yielded all 

exothermic reactions for both 9- and 8-coordinate complexes, with the exception of the generation 

of Th(H2O)4Cl4 (experimentally observed in Th–19; Figure 7.2d) and [Th(H2O)2Cl6]2– 

(experimentally observed in Th–15; Figure 7.2a). In particular, dianionic [Th(H2O)2Cl6]2– was 

calculated to be endothermic at the CCSD(T) level, with a ΔG(aq) = 5.4 kcal/mol. Yet, 

[Th(H2O)2Cl6]2– was in fact observed experimentally, crystallized with the QuinoH+ counter-ion. 

The unfavorable formation of anionic complexes is similarly observed in the separations behavior 

of ThIV wherein even at high concentrations of HCl(aq) charge-neutral or cationic complexes are 

the dominate species.231  In this work, however, we hypothesize that the presence of certain 

counter-ions stabilize, and possibly even direct, chloride complexation through noncovalent 

interactions that shift the favorability of the reaction such that these elusive and unusual Th 

complexes can be realized in the solid-state. The employment of certain counter-ions, like 

QuinoH+, could potentially be used as a method drive Th chloride complexation to form anionic 

complexes, a strategy that is largely absent for Th separations given its clear favorability for neutral 

or cationic speciation in aqueous chloride solutions.       

We note that our computational analyses, particularly the ESPs, are in preliminary stages 

and therefore should be considered as such. The main take-away from the initial work presented 
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herein is to provide a flavor of the direction in which our lab is moving towards as a means to 

uncover the role outer coordination sphere interactions play in directing species formation. In 

drawing inspiration from Cahill and colleagues that have exploited electrostatic potentials in the 

design of actinide hybrid materials,99,200,274 we aim to similarly employ ESPs to understand the 

potential directing effects from outer sphere counter-ions. Additional theoretical efforts aim to 

include the second coordination sphere in the reaction energetics landscape to gain insight into 

complex formation and the role counter-ions may have in shifting the equilibrium towards 

previously unfavorable phases. The energies between various phases, as shown in this work, are 

generally within a few kcal/mol of one another – a barrier that can conceivably be overcome 

through noncovalent interactions from outer coordination sphere molecules and ions.  

 

7.7 Conclusion / Outlook 

The syntheses, structures, and vibrational properties of five ThIV compounds are reported. 

The compounds were isolated from the evaporation of ThIV/HCl(aq) solutions that contained 

protonated nitrogen-containing heterocyclic counter-ions, with ThIV metal centers found to adopt 

8-coordinate complexes with [Th(H2O)xCl8–x]4–x (x = 2, 6) structural units as determined by single 

crystal X-ray diffraction. Subsequent inclusion of three additional 9-coordinate complexes built 

from [Th(H2O)xCl9–x]4–x (x = 5–7) structural units yielded eight total ThIV–aquo–chloro compounds 

that are related in their monomeric nature, but differ in charge, composition, and coordination 

geometry. More importantly, they are separated by nearly stepwise additions of chloride ions for 

water molecules in the inner coordination sphere of Th that allowed for a combined theoretical and 

computational approach to understand the potential directing effects of the outer sphere counter-

ions that can engage in noncovalent interactions with the metal complex. Although still in 
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development, DFT calculations demonstrated energetic driving forces behind the formation of 

most of the Th complexes, with the exception of the dianionic [Th(H2O)2Cl6]2– unit wherein the 

free energy was found to be unfavorable for formation of this complex in aqueous solution. With 

the engagement of electrostatic potential analysis, future work aims to address the role not only 

the QuinoH+ counter-ion may have in stabilizing or directing the formation of the dianionic 

[Th(H2O)2Cl6]2– complex, but also more broadly positioned to understand the impact of 

noncovalent interactions on the identity, stability, and reactivity of actinide complexes and 

clusters.     

 

7.8 Experimental Methods 

7.8.1 General Considerations  

 Caution! 232Th (𝑡1/2 =1.41 x 1010 y) is an α–emitting radionuclide. As such, when 

performing the following syntheses, standard precautions for handling radioactive materials 

should be followed. The following chemicals were used as received from commercial suppliers: 

thorium tetrachloride (International Bio-Analytical Industries, Inc.), quinazoline (Quino; Alfa 

Aesar, 98%), 2-methylpyridine (2-MePy; Merck), 1,10-phenanthroline (Phen; Acros Organics, 

99+%), 2,2’:6’,2”-terpyridine (Terpy; Acros Organics, 96%), 4-chloropyridine hydrochloride (4-

ClPy; Oakwood Chemical), 4,4’-bipyridine (4,4’Bipy; Chem-Impex), 3-chloropyridine (3-ClPy; 

Alfa Aesar), and phthalazine (Phthal; Alfa Aesar). Concentrated hydrochloric acid (Fisher 

Chemical) was diluted into nanopure water (≤0.05 μS) purified by a Millipore Direct-Q® 3UV 

water purification system. 
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7.8.2 Synthetic Methods  

  (Hquino)2[Th(H2O)2Cl6]×H2O (Th–15). ThCl4 (0.049 g, 0.132 mmol) was dissolved in 

hydrochloric acid (HCl(aq), 500 μL, 3 M) to generate an acidic aqueous solution of ThIV (0.262 M). 

The vial was subsequently charged with quinazoline (17.2 mg, 0.132 mmol) to yield a yellow 

solution, which was left to evaporate under a nitrogen atmosphere. After approximately 7 days, 

yellow/orange block crystals formed in an oil-like layer at the bottom of the vial. Single crystal X-

ray diffraction determined the crystals to be (Hquino)2[Th(H2O)2Cl6]×H2O (Th–15). The bulk 

phase, however, dissolves readily under ambient conditions. Due to the sensitivity of this 

compound, further analyses to assess both the yield and phase purity of this reaction could not 

feasibly be performed. Therefore, yield determination, powder X-ray diffraction, and elemental 

analysis are not reported. Further, excitation of the QuinoH counter-ions led to fluorescence that 

overwhelmed vibrational transitions, so only the IR data are reported. IR (cm-1): 402 (s), 455 (m, 

sh), 468 (s), 511 (m), 579 (m), 639 (m), 745 (m, sh), 761 (s), 792 (m), 804 (m), 872 (w), 935 (m, 

sh), 953 (m), 974 (m), 985 (s), 1010 (vs), 1017 (s, sh), 1042 (w, b), 1120 (m, b), 1157 (m, b), 1215 

(vs), 1235 (w), 1270 (m, b), 1286 (m, b), 1319 (m), 1345 (w), 1376 (w, sh), 1435 (s), 1472 (m, sh), 

1495 (s), 1569 (vs), 1597 (m) , 1621 (s), 1652 (m), 1662 (s), 2838 (s, sh), 2991 (s, sh), 3052 (vs, 

sh, b), 3122 (vs, b), 3205 (vs, b), 3247 (vs, b). 

  [Th(H2O)4Cl4]×2(2-MePyH×Cl)×H2O (Th–16). ThCl4 (0.049 g, 0.132 mmol) was dissolved 

in hydrochloric acid (HCl(aq), 500 μL, 3 M) to generate an acidic aqueous solution of ThIV (0.262 

M). The vial was subsequently charged with 2-methylpyridine (13.04 μL, 0.132 mmol) to yield a 

colorless solution, which was left to evaporate under a nitrogen atmosphere. After approximately 

7 days, colorless block crystals formed at the bottom of the vial. Single crystal X-ray diffraction 

determined the crystals to be [Th(H2O)4Cl4]×2(2-MePyH×Cl)×H2O (Th–16). The bulk phase, 
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however, dissolves readily under ambient conditions. Due to the sensitivity of this compound, 

further analyses to assess both the yield and phase purity of this reaction could not be feasibly 

performed. Therefore, yield determination, powder X-ray diffraction, and elemental analysis are 

not reported. IR (cm-1): 453. 8 (w, sh), 468.8 (vs), 540.0 (m), 596.3 (m, b), 626.3 (s), 645.0 (m, b), 

705.0 (s), 761.3 (vs), 806.3 (w), 875.7 (w), 937.5 (m, b), 988.2 (m, b), 1016. 8 (w), 1026.2 (w), 

1045.0 (m), 1098.1 (w, sh), 1107.5 (m), 1166.8 (m), 1235. 6 (m), 1254.3 (w, sh), 1288.7 (s), 1382.5 

(w, sh), 1395.0 (m), 1476.2 (s), 1538.7 (s), 1557.5 (w), 1613.7 (vs), 1632.5 (s), 2653.5 (s, b), 

2759.0 (s, b), 2860.3 (s, b), 2939.0 (s, b), 3062.8 (s, b), 3152.8 (s, sh), 3254.0 (s, sh), 3434.0 (m, 

sh), 3557.7 (w). Raman (cm-1): 163.5 (w), 216.1 (w), 230.2 (w), 258.3 (w), 544.2 (w), 628.4 (w), 

633.1 (w, sh), 715.9 (w, b), 808.1 (m), 1017.4 (m), 1047.1 (w), 1108.4 (w), 1167.5 (w), 1240.6 

(m), 1251.9 (m), 1296.9 (w), 1381.3 (m), 1395.3 (w), 1443.1 (m, b), 1541.6 (w), 1617.5 (m), 

1634.4 (s), 1648.4 (m, sh), 2189.4 (w, b), 2848.6 (vs, sh), 2873.6 (vs, sh), 2898.6 (vs, sh), 2923.6 

(vs), 2989.1 (m, sh), 3040.7 (m, b), 3064.7 (w, sh), 3088.8 9 (m, sh).   

  [Th(H2O)4Cl4]×2(HPhen×Cl)×2H2O (Th–17). ThCl4 (0.049 g, 0.132 mmol) was dissolved 

in hydrochloric acid (HCl(aq), 500 μL, 3 M) to generate an acidic aqueous solution of ThIV (0.262 

M). The vial was subsequently charged with 1,10-phenanthroline (23.8 mg, 0.132 mmol) to yield 

a colorless solution, which was left to evaporate under a nitrogen atmosphere. After approximately 

7 days, colorless needle crystals formed at the bottom and side of the vial. Single crystal X-ray 

diffraction determined the crystals to be [Th(H2O)4Cl4]×2(HPhen×Cl)×2H2O (Th–17). The bulk 

product was washed with water and allowed to dry under a nitrogen atmosphere. Approximate 

yield based on thorium: 0.058 g, 47.5%. Powder X-ray diffraction (Appendix A.8) confirmed that 

the single crystal used for structure determination was representative of the bulk product. IR (cm-

1): 406.3 (m), 412.0 (m), 417.6 (m), 462.6 (s), 494.0 (w), 536.4 (m), 551.9 (w), 620.7 (s), 640.3 
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(w, b), 714.7 (vs), 745.4 (w), 777.9 (vs), 817.8 (vs), 843.9 (vs), 853.9 (m, sh), 883.8 (m), 897.3 

(w), 955.1 (w), 975.0 (w), 986.3 (w), 1004.4 (w), 1010.7 (w), 1016.9 (w), 1026.3 (w), 1034.1 (w), 

1045.1 (w), 1070.1 (w), 1077.9 (w, sh), 1082.6 (w), 1095.1 (m), 1138.8 (m), 1143.5 (w), 1146.6 

(m), 1151.3 (w), 1185.7 (s), 1191.9 (w), 1201.3 (w), 1213.8 (w), 1224.8 (w, sh), 1229.4 (m), 

1238.8 (m), 1245.1 (w, sh), 1279.4 (m), 1287.3 (m), 1299.8 (w), 1316.9 (m), 1335.7 (m), 1346.6 

(w), 1356.0 (w), 1365.4 (w), 1373.2 (w), 1404.4 (w), 1416.9 (m), 1423.2 (m), 1432.6 (w), 1449.8 

(s), 1465.4 (s), 1493.5 (s), 1501.4 (w), 1520.2 (m, sh), 1535.8 (vs), 1563.9 (w), 1584.3 (m), 1595.2 

(s), 1615.5 (s), 1634.3 (m), 1649.9 (w, b), 2854.6 (m, sh), 2925.2 (m), 2956.5 (m), 2994.0 (w), 

3034.2 (s, sh), 3056.7 (s), 3075.5 (s), 3098.0 (s), 3210.5 (s, b), 3319.2 (s, b), 3458 (m, sh, b).  

Raman (cm-1): 128.0 (w), 142.1 (w), 167.1 (w), 226.4 (m), 240.5 (w, sh), 246.8 (w), 259.3 (w), 

398.3 (w), 412.4 (s), 462.4 (w), 509.3 (w), 551.4 (w), 598.3 (w), 712.0 (s), 719.6 (w, sh), 852.9 

(w), 884.7 (w), 974.0 (w), 985.0 (w), 1026.3 (w), 1043.5 (m), 1077.0 (w), 1095.8 (w), 1142.2 (w), 

1195.6 (w), 1229.4 (w), 1246.3 (w), 1277.2 (w, sh), 1291.3 (m), 1316.6 (m), 1344.7 (w), 1372.8 

(s), 1415.0 (vs), 1448.8 (vs), 1471.3 (s), 1496.6 (w), 1544.4 (m), 1583.8 (m), 1597.8 (m), 1611.9 

(m), 1631.6 (m), 1645.6 (w, sh), 3036.3 (m, sh), 3055.0 (s), 3073.8 (s), 3092.5 (s, sh), 3122.6 (m, 

sh).  

  [Th(H2O)4Cl4]×2(H2Terpy×2Cl)×3H2O (Th–18). ThCl4 (0.049 g, 0.132 mmol) was 

dissolved in hydrochloric acid (HCl(aq), 500 μL, 3 M) to generate an acidic aqueous solution of 

ThIV (0.262 M). The vial was subsequently charged with 2,2’:6’,2”-terpyridine (15.4 mg, 0.066 

mmol) to yield a yellow solution, which was left to evaporate under a nitrogen atmosphere. After 

approximately 7 days, colorless rods formed at the bottom and side of the vial. Single crystal X-

ray diffraction determined the crystals to be [Th(H2O)4Cl4]×2(H2Terpy×2Cl)×3H2O (Th–18). 

Although a 1:1 Th:terpy ratio was performed and yielded 4, better crystallinity was attained when 
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a ratio of 1:0.5 was used. The latter ratio is the synthetic method reported. The bulk product was 

washed with water and allowed to dry under a nitrogen atmosphere. Approximate yield based on 

thorium: 0.046 g, 31.1%. Powder X-ray diffraction (Appendix A.9) confirmed that the single 

crystal used for structure determination was representative of the bulk product. IR (cm-1): 444.3 

(w, b), 509.9 (m, b), 570.3 (w, b), 614.0 (s), 636.0 (w, b), 724.4 (s), 734.9 (m), 742.4 (w), 748.0 

(w), 770.5 (vs), 781.8 (s, sh), 827.9 (m), 833.6 (m), 895.4 (m, b), 955.4 (s), 992.9 (s), 1005.0 (w), 

1019.1 (w), 1030.8 (w), 1047.2 (w, sh), 1065.0 (w), 1089.4 (w, sh), 1096.5 (m), 1108.2 (w), 1126.9 

(w), 1138.6 (w, b), 1162.1 (m), 1176.1 (m), 1192.5 (m), 1216.0 (w, sh), 1232.4 (m), 1258.2 9m), 

1269.9 (m, sh), 1284.0 (s), 1295.7 (s), 1328.5 (w), 1347.2 (w, sh), 1363.6 (w), 1370.7 (w, sh), 

1410.5 (m, b), 1445.7 (s), 1464.4 (m), 1471.5 (w, sh), 1527.7 (vs), 1584.0 (vs), 1607.4 (vs), 2561.9 

(w, b), 2721.2 (s, b, sh), 2787.6 (s, b), 2881.3 (s), 2948.9 (m, sh), 2984.6 (m, sh), 3054.9 (s), 3087.7 

(s), 3139.3 (s, b), 3312.7 (s, vb), 3504.9 (w, b). Raman (cm-1): 164.3 (w), 185.2 (w), 226.6 (m), 

256.8 (m), 299.4 (m), 329.4 (w), 347.7 (w), 368.8 (w), 402.3 (w), 532.6 (w, b), 614.5 (w), 620.8 

(w), 641.1 (w), 717.7 (s), 723.9 (w, sh), 745.8 (w), 780.2 (w), 794.2 (w), 830.2 (m), 842.7 (w, sh), 

995.8 (m), 1005.2 (vs), 1027.0 (m, sh), 1036.4 (s), 1064.5 (w), 1094.2 (w), 1165.1 (w), 1207.3 

(w), 1229.8 (w), 1255.1 (s), 1277.6 (w, sh), 1297.3 (w, sh), 1311.4 (m, sh), 1328.2 (vs), 1345.1 

(m, sh), 1367.6 (m, sh), 1412.6 (w), 1446.4 (m), 1466.1 (m), 1525.1 (m), 1572.9 (vs), 1584.2 (s), 

1598.2 (vs, sh), 1606.7 (vs), 1620.7 (vs, sh), 1637.6 (w, sh), 1651.7 (w, sh), 2851.0 (vs), 2873.1 

(vs), 2912.5 (vs, b).  

  [Th(H2O)4Cl4]×2(4-ClPyH×Cl) (Th–19). ThCl4 (0.049 g, 0.132 mmol) was dissolved in 

hydrochloric acid (HCl(aq), 500 μL, 3 M) to generate an acidic aqueous solution of ThIV (0.262 M).  

The vial was subsequently charged with 4-chloropyridine hydrochloride (19.8 mg, 0.132 mmol) 

to yield a colorless solution, which was left to evaporate under a nitrogen atmosphere. After 
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approximately 7 days, colorless block crystals formed at the bottom of the vial. Single crystal X-

ray diffraction determined the crystals to be [Th(H2O)4Cl4]×2(4-ClPyH×Cl) (Th–19). The bulk 

phase, however, dissolves readily under ambient conditions. Due to the sensitivity of this 

compound, further analyses to assess both the yield and phase purity of this reaction could not be 

feasibly performed. Therefore, yield determination, powder X-ray diffraction, and elemental 

analysis are not reported. IR (cm-1): 422.6 (s, b), 488.3 (vs, b), 570.8 (s, b), 724.5 (m), 786.4 (s), 

812.6 (s), 915.3 (w), 945.3 (w), 990.3 (w), 996.0 (w), 1011.9 (w), 1019.7 (w, sh), 1057.2 (w), 

1085.3 (m), 111.9 (s), 1152.6 (w, b), 1190.1 (m), 1199.5 (m, sh), 1240.1 (m, sh), 1244.8 (m), 

1278.6 (w, b), 1303.6 (m), 1330.2 (w), 1345.8 (m), 1359.9 (w), 1367.7 (w), 1476.1 (vs), 1479.2 

(vs, sh), 1598.2 (vs), 1621.6 (vs), 1654.2 (w), 2892.2 (m, sh), 2931.6 (m, sh), 2955.7 (m, sh), 

3049.7 (vs), 3067.2 (vs, sh), 3080.4 (vs, sh), 3089.1 (vs, sh), 3124.1 (vs, b), 3199.7 (s), 3269.8 (m, 

b). Raman (cm-1): 158.9 (w), 176.6 (w), 207.8 (w), 237.5 (w), 279.7 (w, sh), 306.3 (w) 426.6 (m), 

485.9 (w), 643.1 (m), 725.3 (m), 1008.5 (s, sh), 1013.8 (vs), 1058.4 (m), 1109.7 (s), 1192.8 (w), 

1200.6 (w, sh), 1230.3 (w), 1242.8 (w), 1444.4 (w, b), 1599.9 (w), 1621.2 (m), 2890.5 (s, vb), 

3058.4 (s, sh), 3069.0 (s, sh), 3085.9 (vs), 3150.0 (w, b). 

7.8.3 X-ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters   

The structures for compounds Th–15 through Th–19 were identified using single crystal 

X-ray diffraction on a Bruker Quest D8 diffractometer equipped with a IμS X-ray source (Mo Kα 

radiation; λ=0.71073) and a CMOS detector. Single crystals were isolated from the bulk reaction 

products and mounted with mineral oil on MiTeGen Micromounts™. Data were collected at 100–

101 K and the APEX III software suite was used to identify unit cells, integrate the data, and apply 

absorption corrections.367 The structures were solved using intrinsic phasing methods and refined 
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using SHELXL285 within the ShelXle369 graphical user interface. Crystallographic refinement 

details for the reported compounds can be found in Table 7.4. Further refinement details can be 

found below. Figures illustrating the compounds reported herein were created using CrystalMaker 

(version 9.1.1). 

For all compounds, non-hydrogen atoms were located in the Fourier difference map and 

refined anisotropically. Hydrogen atoms bound to carbons of heterocyclic rings were placed in 

calculated positions and their Ueq values were assigned values 1.2 times that of their parent atom. 

If present, hydrogen atoms bound to heteroatoms (nitrogen and oxygen) were found in the Fourier 

difference map unless otherwise stated below. If the X–H distance (X=N, O) was not within 

reasonable limits, the distance was fixed; for water molecules, O–H distances were fixed at 

0.88(0.02) Å. For the protonated nitrogen atoms contained within heterocyclic counter-ions, N–H 

distances were fixed to 0.86(0.02) Å. Protonated nitrogen and H atom Ueq values were assigned as 

1.5 times their carrier atom.   

Th–15 (100 K). C3 was restrained to behave relatively isotropic. One hydroxyl H atom 

was located in the difference map and was restrained to a distance of 0.97(0.02) Å with the H atom 

Ueq assigned as 1.5 times the parent atom. The distance between the Th and hydrogen bound to O2 

was set in a fixed position. The angle between the H atoms bound to O4 was also set to a fixed 

angle. 

Th–16 (100 K). Some of the outer coordination sphere molecules were disordered. To 

address this disorder, the lattice water molecule was disordered over two positions and one of the 

2-methylpyridinium cations was disordered over two positions; both parts were restrained to 

possess similar anisotropic U values. The distance between the pyridinium ring and 2-CH3 group 

was restrained to a similar distance and two atoms of the 2-methylpyridinium were restrained to 
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behave relatively isotropic. The angle between the hydrogen atoms bound to O1 and O3 were also 

set to a fixed angle. The N(2)–H hydrogen atom could not be located in the difference map and 

therefore was placed in a calculated position. The (1 0 2), (0 4 1), (1 0 0), and (-1 2 1) reflections 

were omitted from the final refinement due to obstruction from the beam stop.   

Th–17 (101 K). Some of the outer coordination sphere molecules were disordered. To 

address this disorder, the lattice chloride ion was disordered over two positions and one of the 4-

chloropyridinium cations was disordered across a symmetry site over two orientations. The 4-

chloropyridinium rings were constrained to be ideal hexagons. The like Cl–C distances were 

restrained to be similar (esd 0.01 Å). The C4 and Cl5B atoms were constrained to have equal 

anisotropic displacement parameters. Similar displacement amplitudes (esd 0.01) were imposed 

on disordered sites overlapping by less than the sum of van der Waals radii. The 4-

chloropyridinium H atoms bound to the nitrogens of the disordered cation could not be located in 

the difference map and thus were place in calculated positions. 

Th–18 (100 K). The structure was refined as a 2-component inversion twin. One of the 

lattice water molecules was disordered over two positions and restrained to behave isotropically. 

Additionally, the hydrogens of this lattice water molecule could not be located in the difference 

map and therefore were left out of the model. The angle between the hydrogen atoms bound to O5 

was fixed. 

Th–19 (101 K). O2 was restrained to behave relatively isotropic and possess rigid bond 

restraints. The distance between the Th and HO2B was set in a fixed position. The angle between 

H atoms bound to O2 was also set to a fixed angle. 
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Table 7.4 Crystallographic structure refinement details for Th–15 through Th–19.  

 Th–15 Th–16 Th–17 Th–18 Th–19 

formula C16H24Cl6N4O5

Th 
C12H26Cl6N2O5

Th 
C24H30Cl6N4O6

Th 
C30H38Cl8N6O7

Th 
C10H18Cl8N2O4

Th 
MW 

(g mol–1) 797.13 723.09 915.26 1110.30 745.90 

T (K) 100 100 101 100 101 
crystal color/ 

habit 
orange 
prism 

colorless 
prism 

colorless 
plate 

colorless 
block 

colorless 
block 

crystal system orthorhombic monoclinic orthorhombic monoclinic orthorhombic 
space group Pnma P21/c Pbcn P21 Pnma 

λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 
a (Å) 18.5554(8) 8.7239(4) 21.6667(10) 8.1911(3) 13.6565(6) 
b (Å) 18.4915(7) 22.1419(9) 6.7370(4) 27.8051(10) 11.8736(5) 
c (Å) 7.1174(3) 12.3743(5) 21.3961(10) 8.7956(3) 13.3758(5) 

α (deg) 90 90 90 90 90 
β (deg) 90 91.791(1 90 94.678(1) 90 
γ (deg) 90 90 90 90 90 

Volume (Å3) 2442.10(17) 2389.10(18) 3123.2(3) 1996.56(12) 2168.91(15) 
Z 4 4 4 2 4 

ρ (mg m–3) 2.168 2.010 1.946 1.847 2.284 
μ (mm–1) 6.799 6.935 5.332 4.321 7.879 

R1 0.0276 0.0123 0.0331 0.0249 0.0223 
wR2 0.0486 0.0300 0.0704 0.0458 0.0378 
GOF 1.112 1.192 1.045 1.004 1.093 

CCDC 2022247 2022248 2022249 2022250 2022251 

 

7.8.4 Vibrational Spectroscopies  

 To obtain Raman spectra of the reported phases, single crystals of each compound were 

separated from the bulk reaction product and placed on a glass slide. Raman spectra were then 

collected on a Horiba LabRAM HR Evolution Raman Spectrometer with an excitation line of 532 

nm over Δ𝜐 100–4000 cm–1 using circularly polarized radiation. To obtain infrared spectra, many 

single crystals of Th compounds were placed directly on a Perkin Elmer Spectrum 2 FTIR 

Spectrometer FTIR-ATR stage and the spectra were collected over Δ𝜐 400–4000 cm–1. All Raman 
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and IR spectra were collected at room temperature. Plotted data are provided in Appendix B.18–

B.21. 

7.8.5 Computational Methods 

The geometries were optimized at the density functional theory (DFT)372 level with the 

hybrid B3LYP.290,373 The DFT-optimized DZVP2 basis set292 were used for H, O and Cl atoms 

and cc-pVDZ-PP basis sets were used for Th.297 Vibrational frequencies were calculated to show 

that the structures were minima. These calculations were performed using the Gaussian16 program 

system.374 Single point calculation were performed at the DFT/B3LYP and CCSD(T)336,375-377 

levels with aug-cc-pVDZ293-294 basis sets for H and O, aug-cc-pV(D+d)Z for Cl,295-296 and cc-

pVDZ-PP basis sets for Th. The single point MP2299-300 energies were extracted from the CCSD(T) 

calculations. All of the CCSD(T) calculations were performed with the MOLPRO 2018 program 

package.378-379 

Using the gas phase optimized geometries, the solvation free energies in water at 298 K 

were calculated using the self-consistent reaction field (SCRF) approach302 with the COSMO 

(B3LYP//aug-cc-pVDZ/aug-cc-pV(D+d)Z/cc-pVDZ-PP) parameters303,380 as implemented in 

Gaussian 16. The aqueous Gibbs free energy (free energy in aqueous solution), ΔGaq, was 

calculated from Equation 7.1.  

ΔGaq = ΔGgas + ΔΔGsolv  (Equation 7.1) 

where ΔGgas is the gas phase free energy and ΔΔGsolv is the aqueous solvation free energy. A 

dielectric constant of 78.39 corresponding to that of bulk water was used in the COSMO 

calculations. 

 As not all the species were bound in gas phase, geometry optimizations were performed at 

the B3LYP/DZVP2/cc-pVDZ-PP level at the SCRF approach and the COSMO parameters. Single 
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point calculations using these geometries were performed using B3LYP//aug-cc-pVDZ/aug-cc-

pV(D+d)Z/cc-pVDZ-PP. 

 The noncovalent interactions between building units of Th–19 was investigated via 

electrostatic potential (ESP) analysis. ESP surfaces were calculated using Density Functional 

Theory (DFT) in the Gaussian 16 software (Gaussian Inc.).381 Calculations were performed on 

individual building blocks using both the B3LYP290,382 level of theory with the modified scalar-

relativistic effective core potential (ECP) basis set DEF2TZVPPD383-384 for all C/H/N/Cl atoms 

and the Stuttgart RSC385-387 basis set for Th atoms. Basis sets were obtained from the Basis Set 

Exchange388 and Turbomole basis set library. We developed molecular models for the Th species 

and organic cation using the X-ray diffraction data as input. Electrostatic potentials were generated 

on an electron density surface at 0.002 e Bohr-1 where areas of positive/negative potential indicate 

electron-rich/deficient regions. Electrostatic potentials generated at this isodensity value have been 

determined by previous studies to be an accurate indicator for supramolecular assembly.389-390 
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CHAPTER 8: CORRELATING PLUTONIUM(III) INNER COORDINATION SPHERE 

ENVIRONMENTS WITH OUTER SPHERE CATIONSf 

8.1 Introduction 

In Chapters 4–6, the structural chemistries of ThIV and UIV were found to vary, in part, with the 

identity of the outer sphere counter-ion. In stark contrast, tetravalent Pu exclusively adopted 

PuCl62– octahedral dianions in the solid-state, irrespective the N-heterocyclic counter-ions (Ch. 6). 

These results coupled with the many other reports of PuCl62– in the literature223,227-229,348 suggest 

that the PuIVCl62– structural unit likely represents a thermodynamic sink. Interestingly, a clear 

break was observed in the solid-sate structural chemistry of the early actinides, which we attributed 

in part to the decrease in ionic radius that occurs across the series. To further explore this, we 

looked towards to +3 oxidation state of Pu as ThIV and PuIII possess similar ionic radii (ThIV = 

0.94; PuIII = 1.0 for CN = 6).391 As the charge, coordination, and geometry of the ThIV inner sphere 

was influenced by the counter-ion (Ch. 7), it was hypothesized that variance in PuIII coordination 

would also be observed. Although the +3 oxidation state of Pu readily oxidizes to +4 under ambient 

conditions in chloride solutions, there is precedence for maintaining the +3 oxidation state with an 

in-situ reducing agent.274-275 Despite the accessibility of PuIII in water and its presence in geological 

repositories,239-240 the +3 oxidation state of Pu is underexplored compared to +4 and +6, providing 

further motivation to explore PuIII aqueous speciation. 

 As such, the formation and crystallization of PuIII–aquo–chloride complexes have been 

investigated as a function of non-coordinating pyridinium (PyH+), bipyridinium (BipyH22+), and 

 
f The majority of the work presented in this Chapter is in preparation to be submitted for 
publication. J. N. Wacker, Z. R. Jones, D. Dan, K. E. Knope, S. A. Kozimor, V. Mocko, B. L. 
Scott. Correlating Pu(III) Inner Coordination Sphere Environments with Outer Sphere Cations. In 
preparation, 2020. 
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phenathrolinium (PhenH+ and PhenH22+) counter-cations. These molecules were selected for 

several reasons: (1) they are all Br∅nsted-Lowry bases that will protonate under experimental 

acidic conditions and can therefore engage in directional hydrogen bonding; PyH+ = single H-bond 

donor with single directionality; BipyH22+ = double H-bond donor with dual directionality; 

PhenH+/PhenH22+ = double H-bond donor with single directionality. This subtle difference imparts 

systematic changes across the series in terms of directionality of the R–NH+ cationic site. (2) The 

counter-ions are also aromatic systems capable of 𝜋−	𝜋 stacking interactions, systematically varied 

from one N-heterocyclic ring (Py), two N-heterocycles joined by a C–C singly bonded bridge 

(Bipy), or three fused aromatic rings (Phen). (3) They are non-coordinating so the impact of outer-

coordination sphere species on the composition of PuIII complexes could be probed.  

 Four novel compounds were synthetized that differ in Pu coordination number, inner 

sphere composition, and supramolecular connectivity. Interestingly, the compound 

(PhenH)(PhenH2)PuIIICl6⋅2H2O was routinely crystallized in the presence of Phen in contrast to 

the other counter-ions wherein only PuIII–aquo–chloro complexes were observed. Not only does 

this compound contain chloride ligands exclusively, but it also adopts an unprecedented 

coordination number of 6 that is rare for +3 Pu, especially from aqueous solution. Single crystal 

X-ray diffraction elucidated the structure of the compounds and UV-visible spectroscopy and X-

ray absorption spectroscopy were used to probe the electronic properties and oxidation states of 

the complexes.  

 

8.2 Synthetic Approach of Plutonium(III) Chlorides 

 The general synthetic approach (Scheme 8.1) to crystallize the PuIII compounds presented 

in this Chapter first involved the conversion of an oxidation state and chemically pure stock 
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solution of PuIV(aq) in HCl(aq) to a PuIII(aq) stock solution in HCl(aq) with similar purity (Section 

8.8.2.2). No effort was made to exclude air or moisture. Upon attainment of a chemically and 

oxidation state pure PuIII(aq) stock solution, an aliquot of the PuIII(aq) stock solution was reacted with 

a nitrogen-containing heterocycle, either pyridine (Py), 4,4-bipyridine (Bipy), or 1,10-

phenanthroline (Phen), in dilute HCl(aq). Details of each synthesis are provided in Section 8.8.3.  

 
Scheme 8.1 Synthetic approach to PuIII(aq) stock solution and subsequent reactivity with a N–
heterocycle in dilute HCl(aq) to yield PuIII–containing compound. 
 

Under acidic conditions, Py, Bipy, and Phen protonate to yield PyH+, Bipy+, and PhenH+. For 

reference, the pKa1 values of PyH+, BipyH+, and PhenH+ are 5.23, 3.17 and 0.7, respectively.346-

347 There is also a second accessible protonation site for two of the three N-heterocycles that 

generate BipyH22+ and PhenH22+; pKa2 values are 4.83 and 4.86, respectively.347,392 Hence, only 

H2O and Cl– were available for binding the PuIII cation. Single crystals of the resulting PuIII–

chloride compounds were isolated from solution via slow evaporation over 1–4 days. 

Crystallographic parameters are presented in Table 8.3; characterization methods are described in 

Sections 8.8.4–8.8.6. 

 

8.3 Structural Analysis of Plutonium(III) Chlorides 

 Single crystal X-ray diffraction studies of the crystalline products revealed four unique Pu 

coordination compounds that could be isolated in the presence of PyH+, BipyH22+, and 

PhenH+/PhenH22+ (Figure 8.1). 

excess NH2OH·HCl(aq)

HCl(aq) (3 M) HCl(aq) (1M)

+ N-heterocycle
PuIV(aq) PuIII(aq) PuIII compound
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Figure 8.1 Summary of N–H heterocyclic counter-cations and PuIII structural units isolated 
in this work. Counter-cations include (a) pyridinium (PyH+), (b) bipyridinium (BipyH22+), and (c) 
phenanthrolinium (PhenH+), and the corresponding PuIII structural units crystallized in the solid 
state when in the presence of the counter-cation. Color code: PuIII, lilaic; Cl, green; O, red. 
Hydrogens bound to water molecules have been omitted for clarity. Note: Phen is proposed to 
adopt both PhenH+ and PhenH22+, although not shown here for simplicity.   
 

 Two compounds were reproducibly formed from solutions of PuIII with PyH+. The first was 

(NH4)PuIII(H2O)4Cl4 (Pu–20). Refinement in the P21212 space group showed four terminal cis-Cl– 

and four terminal cis-H2O ligands arranged in a distorted square antiprism about the central PuIII 

cation (Figure 8.1a). An NH4+ cation (not PyH+) co-crystallized with [PuIII(H2O)4Cl4]1–. 

Introduction of NH4+ likely occurred during preparation of the PuIII(aq) stock solution, either from 

decomposition of the NaNO2 reducing agent or precipitation of PuIV(aq) with NH4OH. The NH4+ 
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cation directed long range order of Pu–20. NH4+ provided a series of Pu–OH2O⋅⋅⋅NH4+⋅⋅⋅Cl–Pu 

hydrogen bonds that cooperated alongside Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonding interactions to 

support assembly of [PuIII(H2O)4Cl4]1– anions into 2-dimensional sheets (Figure 8.2a). Second, 

another series of Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonds connected the [Pu(H2O)4Cl4]1– / NH4+ 2D 

sheets together into a 3D network (Figure 8.2b). These results exemplify versatility of NH4+ cations 

in crystal engineering. The NH4+ can form H-bonds in opposite directions, which linked 

supramolecular 2D sheets of Pu along the opposing edges of the NH4+ tetrahedron. 

 

Figure 8.2 Packing diagrams of Pu–20. The structure is a supramolecular 3D framework formed 
through (a) 2D sheets assembled by hydrogen bonding interactions between [Pu(H2O)Cl4]1– units 
and outer coordination sphere ammonium ions. The 2D sheets assemble into a supramolecular 3D 
network through (b) additional hydrogen bonding interactions along [010] between 
[Pu(H2O)4Cl4]1– units. Noncovalent interactions are shown as dashed lines. Hydrogen atoms of 
water molecules have been omitted for clarity. Color code: PuIII, lilac; O, red; Cl, green; N, dark 
blue; H, pink. 

 
 The second compound, (PyH)2PuIII2(H2O)4Cl8 (Pu–21), was isolated from the same 

reaction that yielded Pu-20; however, it contained PyH+. The structure was modeled in the C2/c 

space group and  consisted of two PuIII cations, each bound by two terminal Cl– and two terminal 

H2O ligands, that were bridged by two Cl– anions into a 1-dimensional chain that was composed 
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of [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– repeat units. These 1-dimensional chains run along the [001] 

direction of the unit cell  

 

Figure 8.3 Illustrations of the crystal structure of Pu–21. (a) 1D chains of [PuIII2(H2O)4Cl4(𝜇2–
Cl)2]n2– extend along [001]; Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonding interactions link adjacent chains; 
(b) Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonds between 1D chains create a square supramolecular “pore” 
(c) 3D supramolecular network results from the propagation of the H-bonding interactions with 
the PyH+ cations occupying the square pores. Noncovalent interactions are shown as dashed lines. 
Hydrogen atoms and disorder of the pyridinium rings have been omitted for clarity. Color code: 
PuIII, lilac; O, red; Cl, green; N, dark blue; C, grey. 

 

Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonds between adjacent [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– repeat units 

(Figure 8.3a), create square-shaped pores of which the corners of the “square” are defined by four 

1-dimensional chains (Figure 8.3b). The squares are extended into a supramolecular 3D framework 
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by additional Pu–OH2O⋅⋅⋅Cl–Pu interactions (Figure 8.3c). The PyH+ cations reside in the pores, 

and engage in very weak – almost non-existent – PyH⋅⋅⋅Cl–Pu hydrogen bonding interactions. 

Based upon the differences in H-bonding donor⋅⋅⋅acceptor distances, we speculate that the 

formation of the supramolecular 3D framework is dependent upon the Pu–OH2O⋅⋅⋅Cl–Pu hydrogen 

bonds between adjacent [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– repeat units. The flexibility or rather the lack 

of multi-directional H-bonding by the PyH+ cations led us to conclude that the cation is exclusively 

space filling and the structure of Pu–21 was directed by the geometric constraints from the anionic 

[PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– chains. For example, the [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– chains are 

linked in two directions; bridging of the [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2  units via Pu–Cl–Pu bonding 

is orthogonal to intermolecular Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonding interactions. In contrast, PyH+ 

can only participate in hydrogen bonding in one direction. This combination provides 

directionality in the 3D supramolecular network, and systematically aligned 1-dimentional chains 

of Pu atoms throughout the crystal structure. 

  (BipyH2)[PuIII(H2O)4Cl4]⋅Cl⋅H2O (Pu–22), was isolated from reactions containing Bipy. 

The compound crystallizes in the C2/c space group. PuIII adopts a distorted dodecahedron, bound 

to four water molecules and four chlorides in a trans arrangement (Figure 8.1b) in contrast to the 

cis geometry of [PuIII(H2O)4Cl4]1– in Pu–20. A doubly protonated BipyH22+ cation and a chloride 

anion reside in the outer coordination sphere; the BipyH22+ charge balances the [PuIII(H2O)4Cl4]1– 

anionic complex along with the chloride ion. A lattice water molecule is also present. The structure 

is composed of two alternating 2D sheets (Figure 8.4). One unique sheet consists of 

[PuIII(H2O)4Cl4]1– units bridged by Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonding interactions to form 

supramolecular 1D chains (Figure 8.4a) that are further propagated via additional Pu–OH2O⋅⋅⋅Cl–

Pu hydrogen bonding interactions with adjacent supramolecular 1D chains into 2D sheets (Figure 
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8.4b). Lattice chloride and water molecules exists in the “voids” of the supramolecular layers, also 

engaging in Pu–OH2O⋅⋅⋅Cllattice and Pu–Cl⋅⋅⋅OH2Olattice H-bonding interactions.  

 

Figure 8.4 Packing diagrams of Pu–22. (a) 1D chain assembled along [100] from supramolecular 
Pu–OH2O⋅⋅⋅Cl–Pu hydrogen bonding interactions between [PuIII(H2O)4Cl4]1– monomeric units; (b) 
additional Pu–OH2O⋅⋅⋅Cl–Pu H-bonds between supramolecular 1D chains form 2D sheets while 
lattice chloride and water molecules also engage in noncovalent interactions between the chains 
that are separated by (c) BipyH22+ counter-ions to form alternating 2D sheets. Noncovalent 
interactions are highlighted as dashed lines. Hydrogen atoms except for the H atoms of the lattice 
water molecule have been omitted for clarity. Color code: PuIII, lilac; Cl, green; N, dark blue; C, 
grey. 

 
The other unique layer consists of BipyH22+ cations that do not interact with the 2D Pu sheets 

previously described. The sheets of [PuIII(H2O)4Cl4]1–/H2Olattice/Cl–lattice assemble into alternating 

layers with the BipyH22+ counter-ions, yet the BipyH22+ layers do not align in the same direction, 
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but rather switch directionality by turning almost perpendicular to the previous BipyH22+ layer 

(Figure 8.4c). The BipyH22+ counter-ions therefore seem to lie between the [PuIII(H2O)4Cl4]1– 2D 

sheets to perhaps provide rigidity for the structure, while the H-bonding interactions between the 

Pu dodecahedrons drive the assembly of (BipyH2)PuIII(H2O)4Cl41+. 

 In the presence of Phen, an unexpected compound that differ significantly from the other 

PuIII compounds was observed. (PhenH)(PhenH2)PuIIICl6⋅2H2O (Pu–23) was refined in the P1 

space group. The PuIII metal cation is 6-coordinate, adopting an octahedral coordination geometry, 

and is bound exclusively to chloride ligands (Figure 8.1c). The PuIIICl63–is surrounded by two 

PhenH+/PhenH22+ cations and two lattice water molecules that engage in noncovalent interactions 

(halogen–𝜋 interactions between Pu–Cl⋅⋅⋅PhenH+/PhenH22+ rings and hydrogen bonding between 

OH2Olattice⋅⋅⋅Cl–Pu) with four of the six chloride ligands. Together, these interactions 

collaboratively hold the PuIIICl63– trianion in a “bow-tie”-shaped supramolecular unit (Figure 

8.5a). These bow-ties are linked together by 𝜋–𝜋 stacking between Phen cations and H-bonding 

between lattice water molecules (Figure 8.5b) to form an extensive supramolecular 3D framework 

(Figure 8.5c). It should be noted that the two lattice water molecules yielded the best 

crystallographic thermal parameters when modelled as oxygens instead of as ammonium cations 

or one ammonium cation and one lattice water. Thus, for the compound to charge-balance, the two 

phenanthrolinium cations must sum to a +3 charge in order to balance the PuCl63– trianion. We 

therefore propose that there is one singly protonated Phen and one doubly protonated Phen to yield 

the reported formula, (PhenH)(PhenH2)PuIIICl6⋅2H2O. The two pKa values of 1,10-phenanthroline 

are 0.7 and 4.86; the pH of the reaction solution is ~ 0 (1 M HCl). Thus it is plausible that both 

nitrogen atoms of Phen are protonated. Additionally, there are several examples in the literature 

that provide precedence for the (PhenH)(PhenH2) framework.393-395  
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Figure 8.5 Illustrations of (PhenH)(PhenH2)PuIIICl6⋅2H2O (Pu–23). (a) The PuIIICl63– primary 
building unit is surrounded by PhenH+/PhenH22+ and lattice water molecules in a “bow-tie”-shaped 
secondary building unit by OH2Olattice···Cl–Pu and PhenH+/PhenH22+···OH2Olattice hydrogen bonding 
in addition to halogen–𝜋 interactions between Pu–Cl···PhenH+/PhenH22+ rings. Together with the 
connectivity in (b) highlighting sheets formed through 𝜋–𝜋 stacking between Phen cations and H-
bonding between lattice water molecules, the supramolecular 3D framework shown in (c) is 
observed to connect the structure together. 𝜋–𝜋 stacking interactions are shown as dotted lines. 
All other noncovalent interactions are shown as dashed lines. Hydrogen atoms and disorder of the 
lattice water molecule have been omitted for clarity. Color code: PuIII, lilac; O, red; Cl, green; N, 
dark blue; C, grey. 

 
The extended supramolecular network that is assembled through noncovalent interactions in Pu–

23 is thought to be a large contributing factor for the isolation of this unusual PuIIICl63– trianion 

from aqueous solution. Not only are the relative strengths of the noncovalent integrations much 

greater in comparison to the other structures (as guided by their respective distances and angles; 
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see Appendix G.25–G.29),207-209 but the diversity of interactions is also very apparent. Various 

types of hydrogen bonding, 𝜋–𝜋 stacking, and halogen–𝜋 interactions are present in this structure, 

of which only H-bonding is chiefly observed in the other PuIII compounds. Collectively, these 

interactions promoted by the addition of Phen may shift the equilibrium from H2O complexation 

to favor Cl– exclusively, leading to isolation of the PuIIICl63– structural unit. 

 Overall, the coordination number of PuIII, coordination geometry, and the amount of water 

and chloride ligands bound to PuIII differs between the isolated structures based upon the counter-

ion present. The N–H donors reside in the second coordination sphere to serve not only as space 

filling and/or charge-balancing ions, but also to engage in key noncovalent interactions that may 

assist in the isolation of these phases in the solid state. A summary of plutonium–water (PuIII–

OH2) and plutonium–chloride (PuIII–Cl) bond lengths is provided in Table 8.1.  

Table 8.1 Average bond distances in PuIII/PuIV compounds.a 

Compound Coordination Number 
Average 

Pu–OH2O (Å) 
Average 

Pu–Cl (Å) 
(NH4)PuIII(H2O)4Cl4 [Pu–20] 8 2.521(30) 2.825(3) 

(PyH)2PuIII
2(H2O)4Cl8 [Pu–21] 8 2.458(5) 2.855(46)b 

(BipyH2)PuIII(H2O)4Cl4⋅Cl⋅H2O [Pu–22]  8 2.473(12) 2.829(9) 

(PhenH)(PhenH2)PuIIICl6⋅2H2O [Pu–23] 6 – 2.734(27) 

(PhenH)2PuIVCl6 [Pu–24] 6 – 2.591(25) 

    a Errors are the standard deviation of the mean.   
   b Average calculated from both terminal and bridging Pu–Cl bonds.   
 

Particular attention should be paid to the PuIII–Cl bond lengths compared to PuIV–Cl bond lengths, 

which have been provided for reference. The difference in bond lengths is consistent with the 

oxidation state assignments, with the Pu-Cl bond lengths ~0.14 Å longer in PuIIICl63– than 

PuIVCl62– (Pu–24). The bond lengths of the reported compounds are agreeable with the +3 
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oxidation state, and are consistent with other reported PuIII–OH2/ PuIII–Cl bond lengths.86-87,274-275 

Oxidation state determination is further supported by UV-vis and XANES measurements. 

 

8.4 UV-Visible Spectral Analysis of Plutonium(III) Compounds 

 For transuranic compounds, the use of a microspectrophotometer now facilitates 

characterization of single crystals with relative ease. Ergo, the electronic absorption spectra of the 

plutonium phases reported herein were collected and are presented in Figure 8.6. The compounds 

with a coordination number of 8, namely Pu–20, Pu–21, and Pu–22, display characteristic PuIII 

absorption bands originating from the 6H5/2 ground state.69,396-398 The transitions typically used to 

identify this oxidation state correlate to the 4L13/2 and 4M15/2 excited states and are normally found 

around 17825.3 cm–1 (561 nm; broad) and 16638.9 cm–1 (601 nm; broad), respectively.397 These 

transitions for Pu–22 were identified at 17716 cm–1 (564.5 nm) and 16800 cm–1 (595.2 nm); similar 

absorbance bands were identified for Pu–20 at 17943 cm–1 (557.3 nm) and 16739 cm–1 (597.4 

nm). The absorption spectrum of Pu–21, which consisted on 1D chains, did not exhibit any notable 

differences from the predicted transitions, with 6H5/2 ⟶ 4L13/2 and 6H5/2 ⟶ 4M15/2 observed at 

17677 cm–1 (565.7 nm) and 16741 cm–1 (597.3 nm), respectively.  

 In stark contrast to the previously described compounds, Pu–23 lacks characteristic PuIII 

transitions. In fact, there is an absence of any distinct transitions except for a very broad absorbance 

band centered around 27113 cm–1 (368.8 nm; see Appendix F.2) that extends far into the visible 

region where it finally levels off at around ~15000 cm–1 (~667 nm).  
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Figure 8.6 UV-vis spectra collected on single crystals of PuIV and PuIII compounds. 
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The analogous +4 structure, (PhenH)2PuIVCl6 (Pu–24; Appendix H.1), also exhibits a broad charge 

transfer band that begins in the UV region centered at 24420 cm–1 (409.5 nm), but only slightly 

drifts into the visible region. Additionally, weaker 5f	⟶ 5f transitions in the spectrum of Pu–24 

are located in the visible region. These transitions, which display splitting from the typical PuIV 

aquo ion spectrum due to crystal field effects, are a tell-tale sign of PuIV in an octahedral 

coordination geometry.223,316,348,371 It is reasonable to predict that PuIIICl63– would behave similarly 

to PuIVCl62–, or rather that splitting of the PuIII absorbance bands would occur in Pu–23 akin to the 

splitting in Pu–24. Instead, only a broad band is present with no observable PuIII transitions, 

thereby making the oxidation state assignment of this compound by electronic absorption 

spectroscopy ambiguous. The lack of literature examples exhibiting similar features prevent 

identification of the underlying factors that result in the absence of observable f–f transitions in the 

UV-vis spectrum. Therefore, we turned to X-ray Absorption Near-Edge Structure (XANES) 

spectroscopy to elucidate the oxidation state of Pu in (PhenH)(PhenH2)PuIIICl6⋅2H2O. 

 

8.5 XANES Analysis of Plutonium(III) Chlorides 

 Due to ambiguity in oxidation state assignment of the Pu sites in Pu-23 based on the 

crystallographic structure refinement as well as the electronic absorption data, X-ray absorption 

spectroscopy was employed. Pu L3–edge X-ray absorption near edge structure (XANES) spectra 

were measured for solid-state samples of Pu-20 – Pu-24. The samples were prepared under an 

argon atmosphere to prevent any oxidation of the compounds (Section 8.8.6.1). The Pu L3–edge 

XANES spectra were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) on 

beam line station 11–2 in both fluorescence and transmission detection modes. Upon inspection, 

the fluorescence data were found to be self-absorbed. Hence, only the transmission data are 
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reported. The data were background subtracted and normalized and are presented in Figure 8.7. 

The first inflection point and peak maximum are identified for each Pu L3–edge spectrum, 

determined where the first and second derivatives of the data equaled zero, respectively (Table 

8.2).  

Table 8.2 Pu L3–edge XAS metrics. 

Compound 
Peak 
Max 
(eV) 

Inflection 
Point 
(eV) 

Inflection Point 
relative to 

(NMe4)2PuIVCl6 (eV) 

PuIVF4 18067.5 18062.9 1.9 

(NMe4)2PuIVCl6 18067.7 18061.0 0 

(PhenH)2PuIVCl6 [Pu–24]  18066.5 18060.3 –0.7 

PuIIIF3 18062.9 18059.0 –2.0 

(PhenH)(PhenH2)PuIIICl6⋅2H2O [Pu–23] 18063.7 18058.8 –2.2 

(NH4)PuIII(H2O)4Cl4 [Pu–20] + 
(PyH)2PuIII(H2O)4Cl8 [Pu–21] 18063.2 18058.6 –2.5 

(BipyH2)PuIII(H2O)4Cl4⋅Cl⋅H2O [Pu–22] 18062.7 18058.4 –2.6 

 

The Pu L3–edge XANES measurements were also collected for a number of standards and 

compared to the PuIII compounds presented herein. Namely PuIVF4 functioned as the +4 Pu 

standard whereas PuIIIF3 served as the +3 Pu standard. Although the Pu–L3 absorption edge profiles 

between PuIII and PuIV are quite similar, there is approximately a 2–4 eV shift to higher energy 

when moving from the +3 to +4 oxidation state362 as illustrated in the XANES spectra of PuIIIF4 

vs. PuIVF4 as the dashed grey lines in Figure 8.7. The inflection point and peak maximum for 

(PhenH)(PhenH)2PuIIICl6⋅2H2O (Pu–23), found at 18063.7 eV and 18058.8 eV, closely align with 

the values observed for the +3 Pu standard, PuIIIF3, located at 18062.9 eV and 18059.0 eV. 
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Figure 8.7 Pu L3–edge X-ray Absorption Spectra (XAS) from plutonium compounds. The 
spectra compare the +4 oxidation state [top; (NMe4)2PuIVCl6, navy blue trace; (PhenH)2PuIVCl6 
(Pu–24), light blue trace; PuIVF4, green trace] vs. in the +3 oxidation state [bottom; 
(NH4)PuIII(H2O)4Cl4 (Pu–20) + (PyH)2PuIII2(H2O)4Cl8 (Pu–21), maroon trace; 
(PhenH)(PhenH2)PuIIICl6 (Pu–23), pink trace; (BipyH2)PuIII(H2O)4Cl41+ (Pu–22), orange trace; 
PuIIIF3, yellow trace]. 
 

The inflection point and peak maximum for the other PuIII compounds are also similar to the +3 

standard (Table 8.2). In addition, these values were consistent with other reports of Pu L3–edge 
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XANES data.362,399-400 Furthermore, comparison of the inflection point values to a +4 Pu 

compound whose structure has been determined and has a well-established XANES spectra, like 

(NMe4)2PuIVCl6,115,229 offers a clear picture to differentiate between the +3 and +4 state. The 

differences between the inflection point values are depicted in the last column of Table 8.2. 

Whereas the +4 analogue (PhenH)2PuIVCl6 (Pu–24) has an inflection point and peak maximum of 

18066.5 eV and 18060.3 eV, the inflection point of Pu–23 is shifted approximately 1.5 eV lower 

in energy. Collectively, the Pu L3–edge XANES measurements are consistent with assignment of 

the oxidation state as +3 in the reported PuIII compounds.  Importantly, it was demonstrated that 

Pu–23 is indeed in the +3 oxidation state and supports the isolation of a PuIIICl63– trianion.        

 

8.6 Discussion  

8.6.1 Aqueous PuIII Speciation in Solution and the Solid-State  

 It is relatively well established that PuIII will preferentially bind H2O over Cl– in HCl(aq) 

solutions. This  has been demonstrated in work by Allen and coworkers wherein X-ray absorption 

studies showed that PuIII-aquo ions existed in dilute solutions of Cl– and persisted in concentrated 

Cl– solutions up to 12.3 M with no chloride complexation detected.230 This observation, in fact, 

led to difficulties in the determination of the stability constant for PuIII–Cl complexation and 

several disparities therefore exist in the constants reported.232 These discrepancies are further 

perpetuated in the solid-state, wherein most structural reports of PuIII arise from solid-state 

materials or non-aqueous efforts that use PuIII–halides as starting materials or synthetic 

precursors.354,401-405 Therefore, our understanding of trivalent aqueous Pu chemistry is lacking the 

valuable structural data necessary to uncover the intricacies of its speciation under conditions 

relevant to separations and environmental behavior. Over the past 15 years, however, a few PuIII–
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aquo–chloro species have been reported.274-275 In contrast to what had been observed in those 

examination of solution speciation studies by Allen et al,  PuIII was found to precipitate from 

solution as PuIII–aquo–chloro species from HCl(aq) solutions. For example, Wilson et al. isolated 

(Et4N)[Pu(H2O)6Cl2]⋅2Cl⋅2H2O, trans-Cs5[Pu(H2O)4Cl4]⋅4Cl⋅2H2O, and cis-Cs[Pu(H2O)4Cl4] 

with monocationic alkali metal ions or tetraethylammonium.275 The Pu complexes of the latter 

compounds are isostructural to the two isomers of [PuIII(H2O)4Cl4]1– observed in Pu–22 and Pu–

20, respectively. Surbella et al. utilized monocationic 4-bromopyridinium to crystallize 

(C5H5NBr)2[Pu(H2O)5Cl3]⋅2Cl⋅2H2O.274 Both groups similarly used an in-situ reducing agent (i.e. 

hydroxylamine) to maintain the +3  oxidation state of Pu. A related PuIII–aquo–bromide 

compound, [Pu(H2O)Br2]Br has been reported.401 Other PuIII–aquo–halide derivatives have been 

isolated from molten boric acid, such as Pu2[B13O19(OH)5Cl2(H2O)3], 

PuIII2[B12O18(OH)4Br2(H2O)3]⋅0.5H2O, and PuIII[B7O11(OH)(H2O)2I].239,243,406 It is important to 

note that the PuIII–aquo–halide complexes previously isolated from aqueous solution have 

coordination numbers of 8–10; the PuIIICl63– structural unit in Pu–23 possesses an undersaturated 

coordination sphere in comparison. Likewise, the stark contrast between the solution and solid-

state speciation is glaring: all of the solid-state compounds reported herein were found to complex 

chloride in high quantities (≥ 4).   

8.6.2 Extension to Americium(III) with BipyH22+   

 In contrast to PuIII, Allen and coworkers also noted in additional AnIII / HCl(aq) solution 

studies that AmIII and CmIII were found to complex chloride in solution, which increased when 

moving from AmIII to CmIII. 407 Perhaps it is not surprising, then, that AmIII behaves in a similar 

fashion in the solid-state. To calibrate the reader, single crystals of the known Am(H2O)6Cl2·Cl 
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(Am–25) compound408 were grown with AmIII from reactions that were analogous to PuIII with 

BipyH22+ in our laboratory as shown in Scheme 8.2. 

 
Scheme 8.2 Synthesis of Am(H2O)6Cl2·Cl (Am–25). 

 
The resulting product did not contain BipyH22+ but instead an outer sphere chloride ion charge-

balanced the eight-coordinate cationic AmIII complex bound to six water molecules and two 

chlorides (Appendix H.2). Interestingly, the structure is analogous to the Am species expected to 

exist in solutions of 12.5 M LiCl.407 With PuIII chloride solution behavior in mind, we expected 

similar results in the Pu solid-state products, or perhaps even akin to the solid-state behavior of 

AmIII. Americium is just to the right of plutonium in the actinide series, it has a similar ionic radius 

(AmIII = 0.98 Å vs. PuIII = 1.0 Å, CN = 6),391 and the reaction conditions were identical. 

Surprisingly, in contrast to AmIII and PuIII solution speciation, twice as many plutonium-bound 

chlorides were refined in the solid state structure of (BipyH2)PuIII(H2O)4Cl4]⋅Cl⋅H2O (Pu–22). 

Interestingly, Chapters 4–7 demonstrated many instances wherein the Th(H2O)4Cl4 structural unit 

could be isolated in the solid-state. The solid-state behavior, therefore, of PuIII and ThIV seem to be 

more alike than that of AmIII argued by the repetitive isolation of Th(H2O)4Cl4 in the presence of 

many N–heterocycles, in addition to the higher chloride coordination numbers (2–3, 4, 6; see Ch. 

7) that have been observed with ThIV. However, ThIVCl62– was never realized with PhenH+ but 

instead ThIV adopted [ThIV(H2O)4Cl4]⋅2(HPhen⋅Cl)⋅2H2O (Ch. 7). Therefore, it seems that PuIII–

Cl bonding is somehow preferentially accessed compared to ThIV in order to form the PuIIICl63– in 

Pu–23. Perhaps the differences in structural chemistry between ThIV and PuIII can be attributed in 

part to the increased mixing between the Pu 5f orbitals and Cl 3p orbitals, as has been noted for 

Am3+(aq) HCl(aq) (1M)

+ Bipy
AmIII(H2O)6Cl2·Cl
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ThIV vs. PuIV in investigations regarding energy-degeneracy-driven covalency within the AnCl62– 

framework.115 Conversely, the structural differences between the PuIII compounds reported herein 

seems to be dependent on counter-ion identity.  

8.6.3 Correlating the Inner Sphere of PuIII with Outer Sphere Counter-Cations   

 An interesting observation exemplified by the structures of the PuIII reaction products was 

the impact of counter-cation identity on production formation. For instance, changes in the Pu 

coordination geometry, complex charge, and overall dimensionality were observed when moving 

from BipyH22+ to PyH+. In the presence of PyH+ and BipyH22+, Pu–20, and Pu–22 were isolated. 

Both compounds which consist of [Pu(H2O)4Cl4]1– complexes; however, the Pu ions exhibit 

different coordination geometries. A second phase, Pu–21, was also precipitated using PyH+. The 

Pu in this compound not only possessed an increased number of bound chlorides, but also a 1-D 

chloride-bridged chain, [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2–. This structural unit is unique in PuIII–Cl–

hybrid materials, but is consistent with the solid-state structure of PuBr3.409 Like  Pu–20 and Pu–

22, the PuIII metal centers in Pu–21 were 8-coordinate. Yet the structures differed in that there are 

six Pu-bound Cl– ligands in Pu–21 (two terminal, four bridging) and only four in Pu–20 and Pu–

22 (all terminal). Consequently, the number of bound waters changed as well. Rationalizing 

formation of [PuIII2(H2O)4Cl4(𝜇2–Cl)2]n2– over [PuIII(H2O)4Cl4]1– was difficult as the reaction 

conditions were nearly identical. The only difference associated with the two experiments was the 

identity of the protonated nitrogen containing heterocyclic – PyH+ and BipyH22+– that differ in 

charge, number of aromatic rings, and directionality of the H-bond donor sites (i.e. R–NH+ vs. 

+HN–R–R–NH+).  

 Upon substitution of the counter-cation to Phen, unexpected and unusual consequences on 

the PuIII coordination chemistry were observed. In the presence of Phen, Pu–OH2 complexation 
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was not observed. Rather a homoleptic PuIIICl63– anion surprisingly formed. In comparison to Pu–

20, Pu–21, and Pu–22, the PuIIICl63– unit in Pu–23 not only was under-coordinated but the Pu was 

exclusively bound to Cl–. We cannot overstate the unusual nature of this result. In aqueous 

solutions, PuIII is believed to exist as a nine coordinate aquo ion,230,407,410 further substantiated by 

the isolation of [Pu(H2O)9](CF3SO3)3 from triflic acid solution.86,411 Additionally, in contrast to 

PuIII, plutonium in the +4 oxidation state can readily access PuIVCl62– anions both in solution231 

and in the solid-state371 (e.g. Pu–24). Unlike PuIV, it is well known that the PuIII does not readily 

form anionic Pu–chloride complexes in aqueous media. PuIII is a weaker Lewis acid and thus 

prefers both higher coordination numbers (≥6) and binding H2O over Cl–, even in concentrated 

HCl(aq) solutions. In fact, the aversion of PuIII for Cl– is so dominant that it provides the basis for 

numerous plutonium purification strategies.233 Prior to conducting this experiment with the Phen 

ligand, we would have predicted the halophobicity of PuIII in aqueous media would combine with 

the dilute Cl– concentrations to generate a PuIII– aquo–chloro cation, like AmIII(H2O)6Cl21+ and the 

other isolated PuIII compounds. Clearly, the PuIIICl63– anion is more accessible under our 

experimental conditions then we previously thought.  

 Herein, we hypothesize that the stability/isolation of Pu–23 is due to noncovalent 

interactions promoted by the outer sphere. More specifically, PhenH+/PhenH22+ is a double H-

bond donor vs. single H-bond donor (PyH+), differs in directionality of H-bonding as compared to 

BipyH22+, and holds increasing strength of 𝜋−𝜋 stacking interactions via the addition of aromatic 

rings vs. PyH+/BipyH22+. We hypothesize that these features facilitate the isolation of this elusive 

PuIIICl63– phase in the solid state. The relative strengths of noncovalent interactions, dependent on 

donor(D)–H⋅⋅⋅acceptor(A) distance, D–H⋅⋅⋅A angle, and 𝜋–𝜋 stacking distance and slip angle,207-

209 are notably stronger in Pu–23 compared to the other compounds (Appendix G.25–G.28). 
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Furthermore, the diversity of interactions – H-bonding, 𝜋–𝜋 stacking, and halogen–𝜋 interactions 

– that yield the complex supramolecular network in Pu–23 provide a framework to stabilize the 

PuIIICl63– structural unit. The combination of many classes of noncovalent interactions has been 

cited as a source of increased stability in supramolecular assembly195,412 and the presence of 𝜋–

effects, although typically weaker than H-bonding interactions, have been shown in solid-state 

porous supramolecular frameworks to be non-negligible forces that aid in stability.413 To build on 

the power of 𝜋–effects, their strength in 𝜋–conjugated materials varies strongly, especially in 

water. In particular, the hydrophobicity of aromatic molecules under aqueous conditions, described 

as the classical hydrophobic effect, drive the stacking of aromatic surfaces to reduce the interaction 

with solvent water molecules.195,414 The Phen motif, with three fused aromatic rings, owns the 

largest surface area of 𝜋–conjugation in comparison to BipyH22+ and PyH+. We hypothesize the 

hydrophobic effect initiates 𝜋–𝜋 stacking between PhenH+/PhenH22+ counter-ions, and coupled 

with ion-pairing with the PuIII complex, drive water out of the structure as Pu–23 precipitates from 

solution. Admittedly the factors that underpin the isolation of this rare PuIII coordination complex 

remain uncertain and further studies including computational analysis are needed to understand 

the favorability of PuIII chloride complexation over water. Isolation of the homoleptic PuIIICl63– 

complex obviates a clear need to better understand the impact of outer sphere, noncoordinating 

counter-ions on PuIII coordination chemistry in solution and in the solid-state. This is true even if 

the origins for these reactivity differences are solely attributable to packing effects that manifest 

from pairing plutonium anions with heterocyclic cations within a crystalline solid, with an eye 

towards motivations in crystal engineering, materials design, and actinide separations.  
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8.7 Conclusions and Outlook 

 The isolation of four novel solid-state PuIII compounds have been reported, including 

(NH4)PuIII(H2O)4Cl4 (Pu–20), (PyH)2PuIII2(H2O)4Cl (Pu–21), (BipyH2)PuIII(H2O)4Cl4⋅Cl⋅H2O 

(Pu–22), and (PhenH)(PhenH2)PuIIICl6⋅2H2O (Pu–23). Their electronic absorption properties have 

been reported with support from XANES confirming the +3 Pu oxidation state. In stark contrast 

to PuIII–chloride solution behavior wherein chloride complexation was not observed, the solid-

state speciation in the presence of PyH+, BipyH22+, and PhenH+/PhenH22+ yields high chloride 

coordination complexes. However, it remains unclear what parameters favored the higher chloride 

content in Pu–20, Pu–21, Pu–22, and Pu–23 vs. AmIII(H2O)6Cl2⋅Cl (Am–25). What is most 

striking is the complete exclusion of water from the inner coordination sphere of Pu–23 in addition 

to an unprecedentedly low coordination number for the +3 actinides. It is tempting to overinterpret 

implications of this data; by no means do these solid-state structures stand-alone in confirming 

differences in coordination between PuIII and AmIII. They also do not provide unambiguous 

evidence for electronic structure and bonding differences between PuIII, ThIV, and AmIII. Instead, 

these exciting crystallization differences between PuIII, ThIV, and AmIII serve as motivation, 

encouraging us and the community to continue studying bonding in +3 actinides and to better 

characterizing AnIII vs. AnIV solution-phase and solid-state speciation. These results also prompt 

the need for further solution speciation studies that move away from alkali metal counter-ions to 

more complex moieties like Phen. As demonstrated with aqueous Np, exchange of the background 

electrolyte from Li+ to tetra-n-alkylammonium (NR4+; R=Me, Et) was found to shift to 

electrochemical behavior through noncovalent interactions, driving NpV/NpVI–Cl complexation 

and thereby stabilizing the higher oxidation state of Np (+6).203 It begs the question that if the 

background electrolyte were altered from Li+ to another counter-ion, would the PuIII speciation in 
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chloride media still observe a PuIII–aquo species, as Allen and coworkers407 found, or could 

chloride complexation begin to occur?   

 

8.8. Experimental Methods 

8.8.1 General Considerations 

 Caution! The isotopes of plutonium (and their daughters) used in this study were 

radioactive and present serious health concerns; 238Pu [t½ = 8.77(1) x 101 y], 239Pu [t½ = 2.411(30) 

x 104 y], 240Pu [t½ = 6.561(7) x 103 y], 241Pu [t½ = 14.329(29) y], and 242Pu [t½ = 3.742(33) x 105 

y].69 As such, experiments were performed in facilities designed for the handling of radionuclides 

and appropriate safety measures were followed, akin to those outlined in Section 3.1. Experimental 

reactions and evaporations were conducted in HEPA filtered entry hoods. Free-flowing solids were 

handled using negative pressure gloveboxes HEPA gloveboxes. Samples for structure 

determination and spectroscopic studies followed additional safety measures and are described in 

the corresponding Sections.     

 The following solvents and reagents were obtained commercially and used as received: 

aqueous solutions of hydrochloric acid [HCl(aq); OPTIMA Grade; Fisher Scientific], aqueous 

solutions of hydrobromic acid [HBr(aq); 47–49%; Fisher Scientific], hydrofluoric acid [HF(aq); 47-

51% OPTIMA Grade: Fisher Scientific], tetramethyl ammonium chloride (NMe4Cl; Acros 

Organics), 1, 10-phenanthroline monohydrate (Phen, Sigma-Aldrich), 4,4-dipyridyl (Bipy, Sigma-

Aldrich), and pyridine (Py; Sigma-Aldrich). All water was deionized and passed through a 

Thermoscientific Barnstead Micropure water purification system prior to use in order to achieve 

high resistivity (18.2 MΩ·cm). Saturated solutions of hydroxylamine hydrochloride (NH2OH⋅HCl; 

Fisher Scientific) were obtained by adding sufficient quantities of solid NH2OH⋅HCl to boiling 
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water on a hot plate. Once the NH2OH⋅HCl did not dissolve, the solution was cooled to room 

temperature. The (NMe4)2PuIVCl6 sample was prepared as previously described.228-229 

8.8.2 Preparation of Pu Stock Solutions 

8.8.2.1 Preparation of the PuIV Stock Solution  

  A chemically-pure and oxidation state-pure PuIV/HCl(aq) stock solution was 

prepared at Los Alamos National Laboratory (LANL) in accordance with the procedure outlined 

in Section 3.2 and described previously.229,233 After completion of this reprocessing procedure, the 

Pu oxidation state was confirmed to be +4 by UV-visible absorption spectroscopy. 

8.8.2.2 Synthetic Route to PuIII Stock Solution in HCl(aq) 

  An aliquot of the PuIV stock solution described above (4 mg Pu, 0.0167 mmol Pu, 

50 μL) in HCl(aq) (6 M) was transferred to a polyethylene falcon cone. Water was then added (50 

μL) to achieve a HCl(aq) concentration of 3 M. Next, a saturated aqueous solution of hydroxylamine 

hydrochloride (NH2OH⋅HCl; 100 μL) was added. Note the final HCl(aq) concentration was 1.5 M. 

Caution! Reduction of PuIV with NH2OH⋅HCl can bubble vigorously, aspirate, and spread 

contamination when this procedure is conducted with large amounts of Pu. Although bubbling was 

unlikely for a reaction conducted on the scale described herein, the reductant was added slowly 

and stirred vigorously within secondary containment. After the solution was allowed to rest (10 

min), it was gently heated (60 °C, 10 min). During this time PuIV was reduced to PuIII and the 

solution color changed from red/orange (PuIV) to electric blue (PuIII). The oxidation state was 

confirmed by UV-vis-NIR spectroscopy (Appendix F.4–F.5). We qualitatively observed the 

oxidation state for plutonium to be stable as +3 over the course of several weeks if the reducing 

agent (NH2OH⋅HCl) was left in solution. In the absence of the reducing agent, oxidation to PuIV 

occurred within hours to days. 
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8.8.3. Synthesis of Plutonium(III) Chlorides 

8.8.3.1 Synthesis of (NH4)PuIII(H2O)4Cl4 (Pu–20) and (PyH)2PuIII(H2O)4Cl8 

(Pu–21) 

  An aliquot from the PuIII (4 mg Pu, 0.0167 mmol Pu, 50 μL solution) oxidation state 

pure solution in HCl(aq) (1.5 M) was transferred to a glass dram vial (7.5 mL) that contained 

pyridine (Py; 1.35 μL, 0.0167 mmol) in H2O (100 μL). Combining these reagents forced the HCl(aq) 

concentration to be 1 M. The vial was left open in a HEPA filtered fume hood and the solution 

slowly evaporated under ambient conditions. After approximately 4 days, we observed a blue solid 

at the bottom of the dram vial. Closer inspection under a microscope revealed three types of 

crystals. There were colorless blocks, blue rods, and blue rectangular blocks. Single crystal X-ray 

diffraction showed the colorless blocks were NH2OH⋅HCl, the blue rods were Pu–20, and the blue 

blocks were Pu–21. We refrain from reporting a crystalline yield for this sample, as separation of 

these crystals from the NH2OH⋅HCl could not be rigorously confirmed nor could separation of 

Pu–20 from Pu–21 be achieved meticulously. 

8.8.3.2 Synthesis of (BipyH2)PuIII(H2O)4Cl4·Cl·H2O (Pu–22)  

  An aliquot from the PuIII (4 mg Pu, 0.0167 mmol Pu, 50 μL) oxidation state pure 

stock solution in HCl(aq) (1.5 M) was transferred to a glass dram vial (7.5 mL) that contained 4,4-

dipyridyl (Bipy, 2.6 mg, 0.0167 mmol) dissolved in H2O (100 μL). Combining these reagents 

forced the HCl(aq) concentration to be 1 M The vial was left open in a HEPA filtered fume hood 

and the solution slowly evaporate under ambient conditions. After approximately 4 days, a blue 

solid was observed at the bottom of the vial and a red solid precipitated on the vial sides. Closer 

inspection under a microscope revealed two crystal types, purple blocks and colorless blocks. Also 

present was a small amount of pink powder. Single crystal X-ray diffraction showed the colorless 
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blocks were NH2OH⋅HCl and that the purple blocks were Pu–22. We refrain from reporting a 

crystalline yield for this sample, as separation of these crystals from the NH2OH⋅HCl could not be 

confirmed rigorously. 

8.8.3.3 Synthesis of (PhenH)(PhenH2)PuIIICl6·2H2O (Pu–23) 

  An aliquot from the PuIII (4 mg Pu, 0.0167 mmol Pu, 50 μL) oxidation state pure 

stock solution in HCl(aq) (1.5 M) was transferred to a glass dram vial (7.5 mL) that contained 1,10-

phenanthroline (Phen; 3.3 mg, 0.0167 mmol) dissolved in H2O (100 μL). Combining these reagents 

forced the HCl(aq) concentration to be 1 M. The vial was left open in a HEPA filtered fume hood 

and the solution slowly evaporated under ambient conditions. After approximately 4 days, a blue 

solid was observed at the bottom of the vial alongside red/brown solids that were stuck to the vial 

sides. Closer inspection under a microscope revealed two types of single crystals, red rods and 

colorless blocks. Single crystal X-ray diffraction showed the colorless blocks were NH2OH⋅HCl 

and the red rods were Pu–23. We refrain from reporting a crystalline yield for this sample, as 

separation of these crystals from the NH2OH⋅HCl could not be performed rigorously. 

8.8.3.4 Synthesis of (PhenH)2PuIVCl6 (Pu–24) 

  An aliquot from the PuIV (2 mg Pu, 0.0084 mmol Pu, 126 μL solution) oxidation 

state pure solution in HCl(aq) (6 M) was transferred to glass dram vial (7.5 mL) that contained 1,10-

phenanthroline (Phen, 1.8 mg, 0.0084 mmol) dissolved in HCl(aq) (0.05 M, 126 μL). Combining 

these reagents forced the HCl(aq) concentration to be approximately 3 M. To slowly evaporate the 

solution, the vial was covered with parafilm that had small punctures. After approximately 2 weeks 

in a HEPA filtered fume hood under ambient conditions, a red/brown solid was observed at the 

bottom of the vial. Inspection under the microscope revealed two crystal types. There were yellow 

prismatic crystals identified by single crystal X-ray diffraction as Pu–24. There were also opaque 
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orange triangles whose single crystal UV-vis-NIR spectrum showed characteristic PuIV absorption 

peaks. Unfortunately, the identity of this secondary phase could not be confirmed by X-ray 

diffraction. We refrain from reporting a crystalline yield for Pu–24, as separation from the opaque 

solid could not be performed rigorously. 

8.8.3.5 Synthesis of AmIII(H2O)6Cl2⋅Cl (Am–25) 

  An aliquot of AmIII (~1 mg Am, 0.004 mmol Am) in HCl(aq) (0.1 M) was transferred 

to a polyethylene falcon cone and gently heated to soft dryness. The pellet was then dissolved in 

HCl(aq) (6 M, 50 μL) and diluted to achieve an acid concentration of 3 M (H2O; 50 μL). 

Additionally, a saturated aqueous solution of hydroxylamine hydrochloride (100 μL) was added 

so that the AmIII reaction conditions were analogous to that of the PuIII reactions. The solution was 

transferred to a glass dram vial (3.7 mL) that contained Bipy (0.643 mg, 0.004 mmol) dissolved in 

HCl(aq) (100 μL). Combining these reagents forced the HCl(aq) concentration to be approximately 

1 M. The vial was left open in a HEPA filtered fume hood and the solution slowly evaporated 

under ambient conditions. After approximately 5 days, a light pink solid was observed at the 

bottom of the vial. Upon closer inspection under an optical microscope, the majority of the solid 

was colorless crystals of NH2OH⋅HCl. However, a few pale peach crystalline plates were 

observed, determined by SCXRD to be Am–25. The UV-vis-NIR spectrum of this compound was 

also collected (Appendix F.3). 

8.8.3.6 Plutonium(III) Precipitation with Hydrofluoric Acid, HF(aq) 

  An aliquot from the PuIV (2 mg Pu, 0.0084 mmol Pu, 132 μL solution) oxidation 

state pure solution in HCl(aq) (6 M) was transferred to a polyethylene falcon cone. Water was added 

(170 μL) to achieve a final HCl(aq) concentration of 2.6 M. Next, a saturated aqueous solution of 

NH2OH⋅HCl (200 μL) was added to reduce PuIV to PuIII. Refer to the Section 7.8.2.2 for reduction 
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procedures and cautionary remarks. Once an electric blue PuIII solution was achieved and the PuIII 

oxidation state confirmed by UV-vis-Near-IR spectroscopy, HF(aq) (concentrated, 400 μL) was 

added to precipitate a lilac solid. The mixture was centrifuged and the colorless supernatant 

discarded. The lilac pellet was washed with diethyl ether (2 x 5 mL), left open under ambient 

conditions for several hours, and a dark purple solid that contained PuIII was isolated to be used as 

a “+3 Pu standard” in subsequent XANES measurements. 

8.8.3.7 Plutonium(IV) Precipitation with Hydrofluoric Acid, HF(aq) 

  An aliquot from the PuIV (2 mg Pu, 0.0084 mmol Pu, 132 μL solution) oxidation 

state pure solution in HCl(aq) (6 M) was transferred to a polyethylene falcon cone. Water was added 

(170 μL) to achieve a final HCl(aq) concentration of 2.6 M. Concentrated HF(aq) (600 μL) was added 

to precipitate a red/orange solid. The mixture was centrifuged and the colorless supernatant 

discarded. The red/orange pellet was washed with diethyl ether (2 x 5 mL), left open under ambient 

conditions for several hours, and a dry dark red solid that contained PuIV was isolated to be used 

as a “+4 Pu standard” in subsequent XANES measurements. 

8.8.4 X-Ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters 

 Single crystal X-ray diffraction studies were performed on a Bruker Quest D8 

diffractometer equipped with an IμS 3.0 microfocus source (Mo Kα radiation, λ=0.71073 Å) and 

a Photon III X-ray detector. Plutonium single crystals were isolated from the bulk reaction product 

and mounted on MiTeGen Micromounts in mineral oil. For safety purposes, additional layers of 

containment were employed to encapsulate the Pu crystals, as has been previously reported.99,233 

Data collections were acquired at room temperature; the Apex III software package367 was used to 

identify unit cells, integrate data, and apply absorption corrections and refined using SHELXL415 
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within the ShelXle286 software interface. Crystallographic parameters are provided in Table 8.3. 

Further refinement details are provided below. 

 For all compounds, non-hydrogen atoms were located in the Fourier difference map and 

refined anisotropically. Hydrogen atoms bound to carbons of heterocyclic rings were placed in 

calculated positions and their Ueq values were assigned values 1.2 times that of their parent atom. 

If present, hydrogen atoms bound to heteroatoms (nitrogen and oxygen) were found in the Fourier 

difference map and allowed to freely refine, unless otherwise stated below. If the X–H distance 

(X=N, O) was not within reasonable limits, the distance was fixed; for water molecules, O-H 

distances were fixed at 0.88(0.02) Å. For the protonated nitrogen atoms contained within 

heterocyclic counter-ions, N–H distances were fixed to 0.86(0.02) Å. Protonated nitrogen and H 

atom Ueq values were assigned as 1.5 times their carrier atom.   

 Pu–20 (294 K). The ammonium H atoms were located in the difference map and were 

restrained to a distance of 0.9(0.02) Å with H atom Ueq values assigned as 1.5 times the parent 

atom Ueq value.  

 Pu–21 (292 K). One of the pyridinium rings (N1–C5) was disordered over two positions 

and fixed to be a perfect hexagon. The other pyridinium ring (N2–C10) was positioned over a 

symmetry site and therefore was refined to ignore the symmetry while also fixed to be a perfect 

hexagon. Both pyridinium rings were restrained to behave isotropically. The entire structure was 

refined to have rigid bond restraints. The water molecules were restrained to behave isotropically 

and the angles between the water H atoms were restrained. A few reflections were omitted due to 

obstruction from the beam stop.  

 Pu–22 (301 K). The bipyridinium cation was disordered over two positions and refined to 

ignore the corresponding symmetry operation. The occupancy of those two positions were allowed 



 203 

to freely refine. The U values were restrained to be similar and the distance between the rings 

within each bipyridinium were fixed. The entire structure was restrained to have rigid bond 

restraints. The coordinated ligands and bipyridinium counter-cations were also restrained to be 

approximately isotropic. A reflection was omitted due to obstruction from the beam stop. 

 Pu–23 (297 K). The lattice water molecule (O1) was disordered over two positions. The 

angle between the lattice water H-atoms was restrained.  

 Pu–24 (301 K). The structure was refined as a 2-component twin. 

Table 8.3 Crystallographic structure refinement parameters for compounds in this 
Chapter. 

 Pu–20 Pu–21 Pu–22 Pu–23 
formula H12Cl4NO4Pu C5H10Cl4NO2Pu C20H38Cl10N4O9Pu2 C24H22Cl6N4O2Pu 

MW (g	mol!") 473.91 499.94 1317.04 853.16 
T (K) 294 292 301 297 

crystal color/habit blue/rod blue/block purple/plate red/block 
crystal system orthorhombic monoclinic monoclinic triclinic 
space group P21212 C2/c C2/c P1 
𝜆	(Å) 0.71073 0.71073 0.71073 0.71073 
𝑎	(Å) 6.9969(17) 11.3342(4) 13.5661(10) 8.3055(2) 
b (Å) 11.340(3) 34.5145(15) 13.5444(10) 9.3893(2) 
c (Å) 6.6055(16) 9.2990(4) 22.1497(17) 9.8248(2) 
𝛼	(deg) 90 90 90 86.380(1 
𝛽	(deg) 90 100.583(1) 104.293(3) 69.755(1) 
𝛾	(deg) 90 90 90 73.726(1 

volume (Å#) 524.1(2) 3575.8(3) 3943.9(5) 689.54(3) 
Z 2 12 4 1 

𝜌	(mg	m!#) 3.003 2.786 2.218 2.055 
𝜇	(mm!") 7.277 6.396 4.037 3.002 

R1 0.0172 0.0155 0.0459 0.0182 
wR2 0.0426 0.0405 0.1016 0.0343 
GOF 1.114 1.007 1.133 1.096 
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Table 8.3 (cont.) 

 Pu–24 Am–25 
formula C24H18Cl6N4Pu H12Cl3O6Pu 

MW (g	mol!") 817.12 455.51 
T (K) 301 295 

crystal color/habit yellow/block pink/prism 
crystal system triclinic monoclinic 
space group P1 P2/n 
𝜆	(Å) 0.71073 0.71073 
𝑎	(Å) 7.7440(9) 8.0114(12) 
b (Å) 8.0420(8) 6.5669(10) 
c (Å) 10.9231(11) 9.7080(15) 
𝛼	(deg) 82.454(4) 90 
𝛽	(deg) 81.538(5) 93.616(5) 
𝛾	(deg) 84.912(5 90 

volume (Å#) 665.36(12) 509.72(13) 
Z 1 2 

𝜌	(mg	m!#) 2.039 2.968 
𝜇	(mm!") 3.101 8.293 

R1 0.0506 0.0131 
wR2 0.1305 0.0327 
GOF 1.056 1.317 

 

8.8.5 Solid-State Electronic Absorption Spectroscopy 

 Solid-state UV-vis-NIR spectra were collected using a CRAIC 20/30 PV™ 

microspectrophotometer. Single crystals of the reported compounds were separated from the bulk 

product and kept under mineral oil on a quartz slide, with the oil serving as the containment layer 

for the plutonium samples. Data were analyzed within a 25000–11111 cm–1 (400–900 nm) spectral 

window. 

8.8.6 X-Ray Absorption Spectroscopy (XAS) 

8.8.6.1 Sample Preparation and Data Collection for XAS 

  Solid-state plutonium samples were prepared in an argon filled glovebox equipped 

with HEPA filtration and operated under negative pressure at Los Alamos National Laboratory 
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(LANL). Samples containing plutonium (~2 mg) were mixed with boron nitride (BN; 100 mg) and 

ground within a polycarbonate canister that contained a Teflon ball using a Wiggle Bug® (2 min). 

The powder was loaded into a Teflon NMR (4 mm ID) tube that had been threaded through a 

septum and nested in a glass test tube (to keep the plutonium contamination off the outside of the 

Teflon tube), as previously described.69 The tube was sealed with a Teflon plug and the apparatus 

was brought out of the glovebox and carefully transferred in a plastic bag to a HEPA filtered fume 

hood. The septum and Teflon tube were carefully removed from the glass test tube and the Teflon 

tube was trimmed with a razor blade to be flush with the underside of the septum using a razor 

blade. Then, the Teflon tube was placed in a slotted aluminum sample holder, which had eight 

slots for eight Teflon NMR tubes (4 x 28 mm). The eight slots were covered with Kapton tape (1 

mil) and confirmed to be free of radiological contamination. This provided a robust layer of 

containment for radiological material. Then, the holder was nested within another eight slotted 

aluminum sample holders equipped with Kapton windows (1 mil) and sealed with indium wire. 

The assembly was shipped to the Stanford Synchrotron Radiation Lightsource (SSRL). Upon 

arrival, the samples were opened at the beam-line within a radiological tent and attached to the 

shroud of a liquid N2 cryostat. The cryostat was equipped with Kapton windows and sealed with 

rubber O-rings. The cryostat was attached to the SSRL Beamline’s 11–2 rail. The cryostat was 

evacuated (10-6 Torr) and cooled with liquid N2.  

 The solid-state compounds were characterized by Pu L3–edge X-ray measurements under 

dedicated operating conditions (3.0 GeV, 5%, 500 mA using continuous top-off injections) on end 

station 11–2. This beamline was equipped with a 26-pole and a 2.0 tesla wiggler. Using a liquid 

nitrogen-cooled double-crystal Si[220] (ϕ	= 0) monochromator that employed collimating and 

mirrors, a single energy was selected from the incident white beam. High energy harmonics were 
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rejection using a 370 mm Rh coated harmonic rejection mirror with the monochromator crystals 

fully tuned. The Rh coating was 50 nm with 20 nm seed coating and the substrate was Zerodur. 

Vertical acceptance was controlled by slits positioned before the monochromator. The harmonic 

rejection cut-off was set by the mirror angle at 23.5 keV. This controls which photons experience 

total external reflection. The horizontal slit sizes were between 3 and 9 mm, depending on the 

sample, and the vertical slit sizes were 0.8 mm for all measurements.  

 Beamline 11–2 XAS rail (SSRL) was equipped with three ionization chambers, through 

which nitrogen gas was continually flowed. One chamber was positioned before the cryostat (10 

cm) to monitor the incident radiation (I0). The second chamber was positioned after the cryostat 

(30 cm) so that sample transmission (I1) could be evaluated against I0 and so that the absorption 

coefficient (μ) could be calculated as ln(I0/I1). The third chamber (I2; 30 cm) was positioned 

downstream from I1 so that the XANES of a calibration foil could be measured against I1. All 

ionization chambers were filled with flowing N2 gas and a potential of 1600 V was applied in 

series to the ionization chambers. The sample holder was positioned at 45° to the incident beam 

and a Lytle detector (under flowing argon) was placed on one side of the cryostat (4 cm) to detect 

the fluorescence from the samples. The detector was equipped with a Sr filter (3 absorption 

lengths) and Soller slits. The Pu L3–edge XAS spectra were simultaneously collected in 

transmission and fluorescence mode. The Pu samples were calibrated in-situ to the energy of the 

first inflection point of the K-edge of zirconium foil (Zr, 17998 eV). 

8.8.6.2 XAS Data Analysis 

  The XAS spectra were analyzed using a combination of Athena63 and in-house 

scripts within the IGOR Pro 8.02 data processing platform. Upon inspection, the fluorescence data 

were found to be self-absorbed; however, the transmission data were well within the linear segment 
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of the Beer-Lambert law. Hence, only the transmission data are reported. Data was analyzed 

through a method that involved first removing the background from each experimental spectrum 

by subtracting a line fit to the pre-edge region from the data (approximately between 17870 to 

17980 eV). Next, data were normalized by fitting a third-order polynomial to the post-edge region 

of the spectrum (~18075 to 18390 eV) and setting the edge jump (E0 = 18050 eV) to an intensity 

of 1.0. This normalization procedure gave spectra normalized to a single plutonium atom. First 

and second derivatives of the data were obtained within IGOR. The first inflection for each Pu L3–

edge spectrum was determined by fitting the first derivative of the data and determining where the 

first derivative trace equaled zero. The peak maximum was determined by fitting the second 

derivative of the data and determining where the second derivative trace equaled zero. 
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CHAPTER 9: MIXED-VALENCY, SURFACE REACTIVITY, AND VARYING 

NUCLEARITY OF CERIUM-OXO NANOCLUSTERSg 

9.1 Introduction 

While much work has focused on the formation and characterization of mononuclear actinide 

complexes, there is also a pressing need to elucidate the factors that govern the assembly and 

chemical behavior of polynuclear clusters.57 Plutonium-oxo nanoparticles, for example, are well 

known to plague nuclear waste separations and reprocessing efforts; such species have also been 

identified as a major players in the migration of radionuclides in the environment.46,69,119 Yet little 

is known regarding the identity and stability of actinide-oxo clusters that form under aqueous 

conditions.  To mitigate concerns regarding the radiotoxicity of Pu as well as inventory restrictions 

and facility needs, tetravalent cerium (Ce) has often been used as a non-radiological surrogate for 

tetravalent Pu. Use of Ce is motivated by the similar ionic radii (CeIV = 0.97 Å; PuIV = 0.96 Å; 

CN=8),391 similar chemical bonding, access to the +3/+4 redox couple, and comparable hydrolysis 

and condensation chemistries; though differences in the behavior of Ce and Pu are notable.416 In 

addition to the important implications in the An community, Ce nanoclusters also are impactful in 

industrial catalytic conversions and biomedicine.417-419 To date though, few examples of Ce-oxo 

polynuclear clusters have been isolated in the solid state.  

As was observed for the mononuclear complexes reported in Chapters 4–8, within 

polyoxometalate literature the identity of the counter-ions has been shown to impact cluster 

formation, stability, solubility, and equilibria.198  Thus, in an effort to build upon our previous 

 
g The majority of the work presented in this Chapter is in preparation to be submitted for 
publication. J. N. Wacker, A. S. Ditter, A. V. Murray, S. K. Cary, J. A. Bertke, G. T. Seidler, S. 
A. Kozimor, and K. E. Knope. Mixed-Valency and Surface Reactivity of a Ce38 Cluster. In 
preparation, 2020. 
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results and further develop our understanding of the effects of counter-ions on the isolation of 

metal polynuclear species, this work aimed to stabilize Ce polyoxo clusters of various size by 

tuning counter-ion identity. Using potassium, a cerium oxide nanocluster (Ce–26) containing 38 

metal ions in the cluster core was crystallized from acidic solution. Single crystal X-ray diffraction 

revealed the structure of the cluster and Ce L3–edge X-ray absorption measurements, X-ray 

photoelectron spectroscopy, Raman, IR, and electronic absorption studies were used to 

characterize its properties. Substitution of the alkali metal counter-ion, K+, for the H-bond donor 

pyridinium (PyH+), yielded diversity in the species that could be isolated, with a Ce52 cluster (Ce–

30) and monomeric (PyH)2CeCl6 (Ce–29) observed alongside a novel Ce38 cluster (Ce–28). Efforts 

to extend these findings to PuIV will also be discussed.  

 

9.2 Synthetic Approach to Ce Nanoclusters 

The reaction solutions that yielded the compounds presented herein are not as acidic as 

previous synthetic approaches in order to allow hydrolysis and condensation chemistry to occur 

and drive polynuclear cluster formation in aqueous solution. Therefore, the synthetic approach 

varied from previous strategies. Dissolution of ceric ammonium nitrate in water, followed by the 

addition of ammonium hydroxide resulted in precipitation of cerium hydroxide. The pellet was 

washed several times with water to remove ammonium, after which the yellow solid was brought 

up in dilute hydrochloric acid and utilized as a source of cerium. Aliquots of potassium chloride 

and potassium hydroxide or pyridine were subsequently added to the Ce solution. Details of each 

synthesis are provided in Section 9.10.2. Yellow crystals were isolated upon slow evaporation of 

these solutions to near dryness after approximately 3–7 days. Structure determination was realized 

through single-crystal X-ray diffraction studies. Crystallographic parameters are provided in Table 
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9.1. Additional characterizations methods can be found in Sections 9.10.4–9.10.7. The majority of 

this Chapter will focus on the Ce nanocluster that was isolated with K+; however, a brief discussion 

regarding the reaction products that were isolated with PyH+ as well as attempts to extend the Ce 

chemistry to Pu are provided in Section 9.8.3.    

 

9.3 Structure Descriptions of Ce Nanocluster with K+ Counter-ions  

Evaporation of a solution prepared through the addition of the Ce stock (100 𝜇L; ~0.5 M) 

in HCl(aq) (400 𝜇L; 1 M), KCl(aq) (10 𝜇L; 1 M), and KOH(aq) (40 𝜇L; 1 M) resulted in the 

crystallization of yellow block crystals. Single crystal X-ray diffraction studies revealed the 

formation of a cerium nanocluster; the compound crystallized in the R-3 space group, with the 

general formula Kx[Ce38O56Cl51(H2O)11]⋅nH2O (Ce–26). The cluster contains 38 cerium atoms that 

are bridged through oxo anions to form a Ce38O56 core and is further decorated with water and 

chloride ions on the cluster surface. Two proposed formulas (Ce–26a and Ce–26b) are presented 

that we believe best describe the cerium nanocluster. These formulas vary in the number of K+ 

counter-ions, the oxidation state of the cerium atoms, and replacement of oxo groups for hydroxyl 

groups. For simplicity, we arbitrarily choose Ce–26a as the formula in the present consideration, 

and thus this crystallographic refinement will be described in detail, although it is important to 

note that bond length differences between the two refinements do not vary significantly. A general 

structure description of Ce–26a will be provided to collectively illustrate the assembly of the 

cluster. Thereafter, the differences between the two proposed refinements will be discussed.  

9.3.1 Composition and Assembly of Ce–26a  

Seven crystallographically unique cerium sites that differ in coordination geometries and 

ligand compositions are observed and assemble together to yield Ce–26a. For clarity, the core of 
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the cluster is first described. Second, the remaining Ce sites that constitute the surface are detailed. 

The cluster core exhibits the same fluorite-type structure as bulk CeO2 (i.e. the Ce are 8-coordinate 

bound by 4-coordinate tetrahedral O2– ions that arrange in 5 layers with a repeating pattern of A: 

B: C: B: A (A=4, B=9, C=12). There are three unique cerium atoms – Ce2, Ce4, and Ce6 – in the 

core that total 14 Ce metal centers based on symmetry, termed {Ce14} seen in Figure 9.1.  

 

 

Figure 9.1 Illustration of the Ce sites that assemble together to yield Ce–26a.  [Top] Polyhedral 
representations of unique coordination environments about Ce metal centers that generally 
describe the binding modes of the 7 unique Ce atoms that are contained within Ce–26a. [Bottom 
left] {Ce14} core. [Bottom right] {Ce4} tetranuclear caps. Color code: Ce, fuchsia, purple, blue, or 
teal; O, red; Cl, green. Hydrogen atoms of bound waters have been omitted for clarity. Dual 
occupancy of the Cl/H2O site, observed in Ce1, has been shown to highlight the disorder of this 
site. 
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Within {Ce14}, two unique Ce binding modes are observed. First, Ce4 is bound to 8 μ4–

oxos in a near perfect cubic geometry with Ce–μ4–O bond lengths ranging from 2.334(6)–2.351(6) 

Å, comparable to bulk CeO2. Ce2 and Ce6 surround Ce(4)O8 sites to complete the{Ce14} core 

(Figure 9.1). Ce2 and Ce6 are similarly 8-coordinate, bound to 4 μ4–oxos contained within the 

core, 3 μ3–oxos that face towards the outside of the cluster, and one bound water. Their 

coordination environment is slightly distorted from the cubic geometry due to long Ce–OH2O 

distances on the periphery of the CeO8 polyhedra. Ce–μ4–O bond lengths range from 2.360(6)–

2.390(10) Å, Ce–μ3–O bond lengths range from 2.281(6)–2.301(6) Å, and Ce–OH2O distances are 

2.468(6) –2.474(11) Å. Collectively, these CeO8 polyhedra form the {Ce14} core of Ce–26a 

(Figure 9.1).  

{Ce14} is surrounded by a peripheral shell of six tetranuclear {Ce4} subunits located on 

each of the faces of the core. Two unique Ce coordination environments are observed in each 

{Ce4} group. Three of the four {Ce4} atoms take on an 8-coordinate square antiprism geometry as 

shown in Figure 9.1, including Ce3, Ce5, and Ce7. These Ce atoms are bound to 2 μ4–oxos, 2 μ3–

oxos, 2 μ2–Cl ions, 1 μ4–Cl, and 1 Cl ion. Ce–μ4–O and Ce–μ3–O distances range from 2.283(6)–

2.318(5) Å and 2.180(6)–2.206(6) Å, respectively. Ce–μ2–Cl bond distances include 2.787(2)–

2.845(3) Å and Ce–Cl distances span 2.682(3)–2.713(3) Å. Ce–μ4–Cl distances are exceptionally 

long with a range of 3.015(2)–3.091(2) Å due to their central location between the 4 Ce atoms that 

make up the {Ce4} subunit. The other coordination environment that completes the {Ce4} groups 

is Ce1 that takes on almost identical coordination as Ce3, Ce5, and Ce7 in an 8-coordinate square 

antiprismatic fashion. The only difference is a partially occupied Cl/H2O site (Figure 9.1). For this 

site the Ce–Cl distance is equal to 2.612(6) Å with 47.97% occupancy and a Ce–OH2O distance at 

2.607(8) Å with 52.03% occupancy for Ce–26a. In addition to partial occupancy of one bound 
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ligand to Ce1, there are also 2 bound μ4–oxos, 2 μ3–oxos, 2 μ2–Cl ions, and 1 μ4–Cl ion. Ce–μ4–O 

and Ce–μ3–O distances range from 2.302(6)–2.317(5) Å and 2.183(5)–2.193(6) Å, respectively. 

Ce–μ2–Cl bond distances include 2.792(2)–2.831(2) Å and Ce–μ4–Cl distances are again 

exceptionally long with a distance of 3.077(2) Å. {Ce14} is surrounded by six {Ce4} subunits on 

each face of the fluorite-type core to yield the Ce–26a cluster containing 38 Ce atoms (Figure 9.2). 

The extended structure of the Ce–26a is shown in Appendix H.3. Potassium cations reside 

in the outer coordination sphere not only as charge-balancing cations, but also as linkages between 

adjacent clusters to result in a complex 3-dimensional network. Interactions between potassium 

cations and outer coordination sphere water, K···OH2O distances, range from 2.474(13)–2.545(18) 

Å; interactions between potassium cations and oxygen atoms bound to the cluster, K···OH2O/μ3-oxo 

distances, range from 2.700(8)–3.429(33) Å; interactions between potassium cations and bound 

chlorides, K···Cl distances, range from 3.039(5)–3.783(8) Å. K···K distances range from 

3.006(13)–4.586(9) Å.  

 

Figure 9.2 Polyhedral representations of Ce–26a. The illustrations of Ce–26a are split into [left] 
the outer shell consisting of six {Ce4} groups, [middle] the internal {Ce14} core that exhibits near-
perfect cubic CeO8 polyhedra, and [right] assembly of {Ce4} caps on the faces of the {Ce14} cube 
to yield the Ce38 cluster observed in Ce–26a. Color code: Color code: Ce, fuchsia, purple, blue, or 
teal; O, red; Cl, green. Hydrogen atoms of bound waters have been omitted for clarity.  
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9.3.2 Two Proposed Formulas for Ce–26: Ambiguity in Ce Oxidation State   

In total, Ce–26 contains 38 cerium atoms bridged by 56 μ3/μ4–oxo groups to form the 

nanocluster core and surface decorated with 51 chloride ligands and 11 water molecules. For Ce–

26, two scenarios were found to give reasonable crystallographic refinements that resulted in either 

(1) 10 K+ ions in total from the three unique K+ atoms all refined to be partially occupied, or (2) 

12 K+ ions in total from two unique K+ atoms refined to be partially occupied and the other unique 

K+ atom left fully occupied. Assuming all 38 cerium atoms are in the +4 oxidation state and are 

bridged by μ3/μ4–oxo groups and capped with 51 chloride ligands and 11 water molecules, the 

resulting formulas are K10[CeIV38O56Cl51(H2O)11]1–⋅xH2O or K12[CeIV38O56Cl51(H2O)11]1+⋅xH2O 

that both possess excess charge. However, based on subsequent analyses presented vide infra, the 

cluster must be mixed valent. Therefore, we propose two all-encompassing formulas that cover 

many possibilities for the true identity of Ce–26 that vary in the [CeIII]:[CeIV] ratio, amount of K+, 

and protonation of oxo groups to yield hydroxo ligands. With 10 K+ counter-ions, the chemical 

formula would be K10[CeIV38-nCeIIInO56-(n+1)(OH)n+1Cl51(H2O)11]·xH2O (n=1–24) denoted as Ce–

26a. With 12 K+ counter-ions, the chemical formula would be K12[CeIV38-nCeIIInO56-(n-1)(OH)n-

1Cl51(H2O)11]·xH2O (n=1–24) denoted as Ce–26b. In all scenarios of n, the cluster is mixed-valent 

with varying ratios of CeIII/CeIV. Disorder of μ3-O/OH moieties are common in tetravalent 

hexanuclear clusters157,161,165 and substitution of the 24 possible μ3-oxo groups for a hydroxyl 

group on the surface of the {Ce14}core has been rationalized to account for excess charge in other 

An38 clusters.141,161 Unfortunately given the high symmetry of this compound and the large 

concentration of highly absorbing heavy atoms, the location of hydroxo groups could not be 

determined. It is possible that these sites are disordered over the entire cluster, thereby resulting in 

the unlikely determination of their locations. Furthermore, the oxidation states of the 38 cerium 
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atoms are ambiguous based on  bond valence summation (BVS). Indeed, BVS may be inaccurate 

for clusters as demonstrated by polyoxovanadate clusters for which delocalization results in 

deviations from molecular units.420 Additionally, there is some ambiguity in the experimentally 

determined BVS parameters for Ce that may arise from unclear oxidation state assignments.421 

While BVS parameters for Ce–O bonds were recently redetermined,422 this has not been done for 

Ce–Cl bonds. As Cl ligands decorate the surface of the clusters, the latter may account for the 

discrepancies between the oxidation state assignment based on BVS as compared to XPS, XANES 

and UV-vis-NIR absorption spectroscopy. This is echoed in the BVS evaluation of Ce–26 

(Appendix I.1–I.3) wherein the Ce valence values are skewed based on the set of BVS parameters 

used. As such, we turned towards other characterization methods to uncover the valency of Ce–

26. 

 

9.4 Valence Determination of Ce–26  

9.4.1 X-ray Photoelectron Spectroscopy (XPS) 

 To determine the oxidation state of the cerium metal ions, and additionally confirm the 

mixed-valent character proposed in both formulas of Ce–26, X-ray photoelectron spectroscopy 

(XPS) was performed on the solid state (Figure 9.3). Even though the Ce 3d XPS spectrum is 

complex with several multiplets that correspond to the spin-orbit splitting of 3d3/2 and 3d5/2 core 

holes, the oxidation state of Ce can typically be determined by differences in the multiplet 

splitting.423-425 Furthermore, a high energy satellite peak (u¢¢¢) associated with Ce 3d3/2 is 

characteristic of CeIV but will be absent for CeIII. The spectrum resulting from Ce–26 contains 

complicated features that are consistent with both CeIII and CeIV ions. Four peaks are identified as 

the pairs of spin-orbit doublets (v0 + v¢ + u0 + u¢) that indicate the presence of CeIII.425  
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Figure 9.3 Ce 3d3/2, 5/2 XPS spectrum collected for Ce–26.   

The lowest energy features, assigned as 3d5/2 peaks, are found at 881.5 eV (v0) and 885.8 eV (v¢), 

whereas the higher energy features, assigned as 3d3/2 peaks, are at 900.0 eV (u0) and 904.00 eV 

(u¢). Six additional peaks indicate the presence of CeIV, which correspond to 3d5/2 (v + v¢¢) and 

3d3/2 (u + u¢¢) features, along with the high binding energy doublet assigned to a 4f0 final state 

(v¢¢¢+ u¢¢¢).425 The latter, a characteristic indicator of CeIV, is found at 917.4 eV (u¢¢¢) with additional 

components at 899.0 eV (v¢¢¢), 907.9 eV (u¢¢), 888.7 eV (v¢¢), 901.7 eV (u) and 883.3 eV (v). It is 

only upon accounting for contributions from both CeIII and CeIV that the complex features of the 

Ce 3d3/2, 5/2 XPS spectrum can be accurately accounted for, thereby illustrating a mixture of 

oxidation states in Ce–26. Other studies seeking to uncover the oxidation states of cerium ions in 

mixed oxides425-426 or heterometallic polyoxometalates427-428 have arrived at similar conclusions. 

 

 

920 910 900 890 880

6000

8000

10000

12000

14000

16000

vICe(III): uI u0

vvIIIuIICe(IV): u

v0

vII

 

 

C
PS

Binding Energy (eV)

  Expt
  Background

uIII



 217 

9.4.2 X-ray Absorption Near Edge Fine Structure (XANES) Spectroscopy  

 To further support the identification of CeIII and CeIV uncovered by XPS, Ce L3–edge X-

ray absorption spectroscopy (XAS) measurements were also made on Ce–26, collected as a 

function of time and temperature, and evaluated against two well-defined oxidation state standards, 

namely ceric ammonium nitrate, (NH4)2CeIV(NO3)6, and cerium trichloride hydrate, 

CeIIICl3·nH2O. The X-ray absorption near edge spectroscopy (XANES) results were background 

subtracted and normalized, and are presented in Figure 9.4.  

 

Figure 9.4 Ce L3–edge XAS spectra collected at 80 K. The normalized spectra highlight Ce–26 
(orange) compared to CeIII and CeIV standards, CeIIICl3·nH2O (blue) and (NH4)2CeIV(NO3)6 
(green).   
 

For the CeIII standard, a large Ce L3–edge feature superimposed on step-like absorption threshold 

dominated the spectrum, best characterized in its rising edge inflection point at 5724.8 eV 

(Appendix J.1) that was determined graphically where the second derivative of the data equaled 
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zero. Superficially, from the perspective of a free ion, this edge feature originated from electric-

dipole allowed transitions from Ce 2p-orbitals to unoccupied states that contain Ce 5d-character, 

e.g. for a CeIII ion there would be 2p6 … 4f0 5d0 → 2p5 … 4f0 5d1 transitions. The spectrum 

observed for the CeIV standard was quite different than that of CeIIICl3·nH2O. The Ce L3–edge 

spectrum for (NH4)2CeIV(NO3)6 contained a double white line shape that is characteristic of CeIV 

compounds.429 There was a low energy peak with a maximum at 5729.3 eV and a high-energy 

peak with a maximum at 5737.9 eV. It should also be noted that the 5727.6 eV inflection point for 

the rising edge of the CeIV standard was substantially higher than that of the CeIII standard. A 

comparison of these two compounds highlighted the utility and ease at which Ce L3–edge XAS 

can be used to distinguish CeIII from CeIV. The Ce L3–edge XAS spectrum obtained from crystals 

of Ce–26 comprised spectral features consistent with both Ce oxidation state standards. The 

spectrum contained a dominant edge peak whose maximum equaled 5726.6 eV. This value was 

equivalent to CeIIICl3·nH2O and 2.7 eV lower than that of (NH4)2CeIV(NO3)6. Similarly, the 

inflection point for the rising edge was at 5725.0 eV, which was bracketed by the +3 and +4 Ce 

standards (albeit closer to +3). At higher energy was a small post-edge peak whose peak maximum 

(5737.1 eV) was equivalent to that from the high energy feature in (NH4)2CeIV(NO3)6. Overall, the 

intermediate XANES spectrum suggested that Ce–26 contains a mixture of CeIII and CeIV cations. 

Qualitatively, based on the relative peak intensities (peak area), these data suggested more CeIII 

than CeIV. The data were further deconvoluted to approximate the relative contributions of CeIII 

and CeIV to the overall spectrum of Ce–26. By comparing the peak intensities in the spectral model 

of Ce–26 to those of the standards, we crudely estimate the CeIII to CeIV ratio to be 60% ±	20% 

CeIII to 40%	±	20% CeIV. Moreover, as shown in Appendix J.4, the energy and relative intensities 

for the features in the Ce L3–edge XAS spectrum of Ce–26 showed no dependence on temperature 
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ranging from 7 to 300 K, illustrating mixed-valency rather than temperature-dependent electron 

hopping as is observed in cerrocene, Ce(𝜂&-C8H8)2.430 

9.4.2.1 Reactivity of Ce–26 Over Time 

  The stability of the cluster was monitored as a function of time (4 d) using Ce L3–

edge XAS (Figure 9.5) measurements. Interestingly, systematic changes were observed over this 

time period. First, the low energy feature decreased with increasing time; the peak maxima moved 

from 5726.6 eV (0 d) to 5726.6 eV (1 d) to 5726.4 eV (4 d).  

 

Figure 9.5 The Ce L3–edge spectra (room temperature) from Ce–26 as a function of time. 
The spectra were obtained at three different times after crystal harvesting (0 d, 1 d, 4 d; blue, green, 
orange traces). These data are overlaid on the cerium oxidation state standards, CeIIICl3·nH2O (red 
trace) and (NH4)2CeIV(NO3)6 (purple trace). 
 

This result, on its own, suggested that contribution from CeIII increased with time. However, these 

results seem at odds with the small changes observed for the high-energy feature and the peak 

intensity analysis. For example, the low energy peak intensity decreased from 2.58 (0 d) to 2.47 
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(1 d) to 2.32 (4 d). The high-energy peak energy decreased very slightly with time from 5737.2 eV 

(0 d) to 5737.1 eV (1 d) to 5737.1 eV (4 d). The intensity of this feature increased with time from 

1.43 (0 d) to 1.44 (1 d) to 1.46 (4 d). Spectra obtained on days 1 and 4 were deconvoluted 

analogously to that of day 0. These results showed that the CeIII peak intensity decreased while the 

CeIV peak intensities increased. The calculated +3 to +4 ratios changed from 60% CeIII (0 d) to 

57% (1 d) to 54% (4 d). This change suggested reactivity in Ce–26 as function of time and was 

further investigated by SCXRD studies. 

 

9.5 Phase Transformation of Ce–26 

Prompted by the changing Ce L3–edge spectra of Ce–26 at different time intervals, the 

compound stability was monitored with single crystal X-ray diffraction as a function of time. A 

single crystal of Ce–26 was kept under ambient conditions and monitored over several days by 

collecting a unit cell measurement. Interestingly the crystal was found to undergo a single-crystal-

to-single-crystal transformation after four days, yielding a new compound that crystallized in the 

R-3 space group, with the general formula K9[CeIV38-nCeIIInO56-n(OH)6+nCl43(H2O)12]⋅xH2O, n=0–

24 (Ce–27). The compound was built from two unique clusters, with the cluster cores adopting 

[Ce38O56(μ2-OH)6Cl42(H2O)8]n– and [Ce38O56(μ2-OH)6Cl38.5(H2O)11.5]n–. A representation of the 

single-crystal-to-single-crystal transformation of Ce–26 to Ce–27 is shown in Figure 9.6. Nearly 

every surface site in Ce–26 undergoes a change. Generally, five transformations occur on the 

surface (Figure 9.6); (a) exchange of a 50% to 100% occupied Cl–; (b, d) substitution of μ2–Cl for 

a μ2–OH; (c) loss of μ2–Cl that resulted in a 7-coordinate Ce site; (e) exchange of a 100% to 50% 

occupied Cl1–; (f) site substitution of a partially occupied H2O/Cl site to an adjacent location.  
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Figure 9.6 Ball-and-stick representations of Ce–26 and Ce–27. The cluster in Ce–26 (left; t=0 
d) undergoes a single-crystal-to-single-crystal transformation to yield the two unique clusters that 
co-crystallized in Ce–27 (right; t=4 d). The circled (for Ce–26) and shaded (for Ce–27) areas 
highlight sites that exhibit the five transformations that occur on the surface including (a) exchange 
of a 50% to 100% occupied Cl1–; (b, d) substitution of μ2–Cl for a μ2–OH; (c) loss of μ2–Cl that 
resulted in a 7-coordinate Ce site; (e) exchange of a 100% to 50% occupied Cl1–; (f) site 
substitution of a partially occupied H2O/Cl site to an adjacent location. Overall, there is a loss of 
surface-bound chloride and water ligands that yield either 1) new μ2–OH sites or 2) surface 
vacancies with lower-coordinate Ce atoms. Note that the partial occupancy site are assumed to be 
50% occupied by Cl:H2O for simplicity. Their actual occupancy percentages vary, although they 
are close to 50% in the crystallographic refinements. Color code: Yellow, Ce (CN=8); blue, Ce 
(CN=7); green, chloride; red, oxygen (μ3/μ4–O and H2O); magenta, oxygen (μ2–OH); pink, 
hydrogen.   
 

As a result of this transformation, there is an overall loss of surface-bound chlorides in addition to 

1) new μ2–OH sites or 2) surface vacancies with lower-coordinate Ce atoms. From a structural 

perspective, the cluster adopts the same {Ce14} core as seen in Ce–26, but the tetranuclear {Ce4} 

subunits that reside on each face of the {Ce14} cube differ (Figure 9.7). 
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Figure 9.7 Illustration of the surface reactivity that occurs on the tetranuclear {Ce4} caps, 
captured through a single-crystal-to-single-crystal transformation. Ce–27 contains two {Ce4} 
units that cap the two unique clusters in the structure. Color code: Ce, yellow (8-coordinate in 
{Ce4} cap), blue (7-coordinate in {Ce4} cap), white (8-coordinate in {Ce14} core); O, red (oxo or 
water), magenta (hydroxo); Cl, green; H, hydrogen.  
 

 The Ce L3-edge XANES measurements display a decrease in CeIII and relative increase in 

CeIV concentration, indicating the oxidation of Ce overall. The possible reaction pathways that 

would result in such an oxidation are limited; a crystal of Ce–26 transformed under ambient 

conditions. As such, there are few reasonable reactants in the air including O2(g), H2O(l/g), CO2(g), 

and N2(g) or reactants originating from the crystal lattice or surface of the crystal such as water or 

hydrochloric acid. Therefore, we propose the most feasible mechanism for which Ce–26 

transforms into Ce–27 – the conversion of HCl and O2 to release Cl2 and H2O through oxidation 

of CeIII, consistent with the Ce L3-edge XANES measurements. This transformation is known as 

the Deacon Process and is used in many industrial-scale applications.431 Future work seeks to 

capture the byproducts, Cl2 and H2O, to support this claim, albeit difficult given the relatively low 

yield of this reaction.   

 Admittedly, a number of caveats regarding the validity of the transformation of Ce–26 to 

Ce–27 must be addressed. The first is the fact that Ce–26 and Ce–27 solve crystallographically in 

the same space group, distinguished by essentially a doubling of the c-axis. Despite searching for 
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a twin law, none were apparent to account for this change. Further, Ce–27 consists of double the 

number of unique Ce atoms, accounting for the two unique clusters after the transformation. 

Second, as it has been noted before, the crystallography was intensive for these clusters, with many 

probable solutions. For example, substitution of μ2–Cl bridges in Ce–26 yielded μ2–OH bridges in 

Ce–27. The crystallographic modelling took into account many possibilities, such as a 100% O 

atom, 100% Cl atom, disordered O atom, disordered Cl atom, disordered Cl/O atom, partial 

occupancy, etc. We performed this same process to all of the surface ligands and present the result 

that yielded the best crystallographic refinement parameters. However, it is worth noting that  

single crystal X-ray diffraction provides an average model and thus many iterations of the Ce38 

cluster are plausible, differing in surface decoration.  

  

9.6 Electronic Absorption Spectroscopy of Ce–26 and Ce–27  

 The electronic absorption bands of cerium compounds lie near the UV region, with 

CeIII (4f1) capable of 4f1→5d1 broad transitions.55 Despite CeIV (4f0) possessing no f–f transitions, 

it is common for ligand to metal charge transfer (LMCT) bands to also occur in this region, 

particularly for organo-CeIV compounds with redox non-innocent ligands.432 Generally, 

CeIII absorption bands occur at wavenumbers lower than CeIV, yet LMCT or other factors, such as 

mixed-valency or intermediate-valency, can shift the absorption band towards the visible region. 

As a result, oxidation state assignment can be ambiguous using electronic absorption spectroscopy. 

With these considerations in mind, the UV-vis-NIR spectrum was collected on a single crystal 

of Ce–26 using a microspectrophotometer (Figure 9.8). A broad transition is observed with a 

maximum absorbance at 423 nm and a band edge that extends into the visible region. There is an 

additional low-lying broad band centered around 975 nm. There are many interpretations that 
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could be argued for the origin of the main absorption band centered at 423 nm. The first is that it 

is a LMCT from low-lying 𝜋* orbitals to 4f acceptor orbitals on the Ce metal center, consistent 

with CeO2 and organo-CeIV complexes.432-435 It could also arise from characteristic f → d 

transitions for CeIII, similar to a cerium-phenanthrolinecarboxylate complex possessing a 

comparable broad band that extends into the visible.246 Lastly, both broad bands could be attributed 

to an intermediate- or mixed-valent CeIII/IV compound. Intermediate-valency, defined as Ce ions 

that lie on a single crystallographically unique site and possess nonintegral formal valence,436 is 

likely not the source of the UV-vis-NIR signatures for Ce–26 given that the structure has more 

than one crystallographically unique Ce site. Instead, mixed-valency wherein the electrons are 

delocalized across Ce sites may give rise to the electronic absorption bands observed for Ce–26. 

In addition to the identification of CeIII and CeIV in the structure by XPS and XANES 

measurements, this postulation is reinforced by the broad band in the NIR region centered at ~975 

nm that may be attributed to an intervalence charge transfer (IVCT). Using the Robin and Day 

classification system that distinguishes three classes of mixed-valent compounds, 437 Ce–26 

exhibits class III behavior or rather delocalized valence, identified by IVCT bands in the vis-NIR 

region. Class III compounds can be further divided into two subdivisions: class IIIA occurs in a 

cluster of equivalent metal ions whereas class IIIB appears in compounds with a continuous lattice. 

Similar coordination environments for all of the Ce atoms contained in the cluster of Ce–26 place 

it in the class IIIA category, with related cluster compounds like [Nb6Cl12]2+ exhibiting similar 

behavior.438 After several days, a rise in the background of the tail of the ~423 nm band is observed, 

in addition to a bathochromic shift and higher degree of asymmetry in the IVCT band. There are 

many plausible explanations for these differences, such as a change in symmetry or a shift in the 

extent of electronic coupling.439-440 It is clear, however, that there is a transformation in the 
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structure that is observable in the UV-vis-NIR spectrum, consistent with the conversion of Ce–26 

to Ce–27. 

 

Figure 9.8 Electronic absorption spectra of one Ce–26 single crystal as a function of time. 
Inset; expansion of NIR region. Arrows indicate the change of UV/NIR absorbance bands over 
time.     
 
 
9.7 Vibrational Properties of Ce–26 and Ce–27 

Vibrational spectroscopy has been foundational in probing the structure and reactivity of 

ceria, for example, by identifying defect sites through shifts of vibrational signatures,441 classifying 

effects of nanoparticle shape on catalytic efficiencies,442 and probing the impact of dopants in the 

cerium dioxide lattice.443-445 Similarly, the fluorite structure of ceria is observed in the core 

structure of Ce–26 and Ce–27; therefore, Raman and infrared spectroscopic studies were 

performed to identify similar features to that of bulk ceria, in addition to potentially identifying 

other functionalities manifested in the spectra. As seen in Figure 9.9, the Raman spectrum was 
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collected on a single crystals of Ce–26 and Ce–27. Only the former will be discussed in depth as 

the Raman spectra profiles of Ce–26 and Ce–27 are nearly identical. Absent computational 

support, the assignments made are tentative, but based on previous reports.255,371,446-447  

 

Figure 9.9 Raman spectra of single crystals of Ce–26 and Ce–27. Subsequent conversion of 
Ce–26 to CeO2 is observed upon prolonged laser exposure with λ=532 nm (black). 
 
Lattice modes are observed below 210 cm–1. At 268 cm–1, a Ce–OH2 vibration is observed, 

corresponding to water molecules ligated to Ce atoms on the surface of the cluster, similar to other 

reported compounds containing M(IV)–OH2 groups.255,371 At 306 cm–1, a Ce–Cl symmetric 

vibrational mode is assigned446 and H2O group inversions are present at 354 cm–1. An intense peak, 

split into two signatures at 443 and 474 cm–1, is due to Ce–μ3–O (or potentially Ce–μ3-OH) and 

Ce–μ4–O vibrations. These particular vibrations are also observed in bulk ceria, albeit as one peak 

due to the majority of the O2– atoms taking on tetrahedral geometries, and are often described as 

the strong F2g mode of the CeO2 fluorite phase.441,447 The broad peaks at 600 cm–1 and 1107 cm–1 
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– and similarly seen in ceria – are characterized as the defect induced (D) mode and second-order 

longitudinal optical (2LO) mode, respectively.441,447 The weak signal around 3487 cm–1 can be 

categorized as either the symmetric/asymmetric stretch of bound or lattice water molecules or μ3–

OH groups. However, the identification of μ3–hydroxides in the cluster cannot be assigned with 

certainty using vibrational spectroscopy as the presence of water in the structure makes this 

assessment ambiguous. Interestingly, if a single crystal of Ce–26 is exposed to the Raman laser 

for an extended period of time, or at increased laser power (>5%), a conversion to CeO2 is detected 

as supported by the loss of several peaks in the Ce–26 spectrum; the vibrations that are present 

after the conversion match that of bulk ceria (Figure 9.9).447 The weak band at 257 cm–1 

corresponds to the second-order transverse acoustic (2TA) mode; the most intense vibration is 

observed at 456 cm–1, characterized as the F2g mode of CeO2; the broad bands at 617 cm–1 and 

1172 cm–1 are identified as the D mode and 2LO mode, respectively. The weak broad signature at 

3513 cm–1 is likely due to residual water in the structure. The infrared spectrum (Appendix B.22) 

of bulk Ce–26 provides confirmation of the presence of water, observed at 3340 cm–1 and 1617 

cm–1, and Ce–O stretches, seen at 422 and 486 cm–1.448       

 

9.8 Discussion 

9.8.1 Polynuclear Ce Species  

In line with the limited reports of Pu polynuclear species (refer to Section 2.2), only a few 

cerium-oxo clusters have been reported, some of which are mixed-valent. Smaller order oligomers, 

such as a dinuclear Ce2 species, a tetranuclear Ce4 complex, and several hexanuclear Ce6 

clusters,151,449-452 contain only CeIV sites whereas larger order clusters – including Ce10, Ce22, Ce24, 

and Ce40 – report CeIII/CeIV cores.427,453-454 Interestingly, all of the mixed-valent clusters identified 
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the CeIII sites to be located at the surface of the cluster. In sharp juxtaposition to the other larger 

Ce clusters reported (i.e. Cen; n > 6), Mitchell et al. isolated a Ce38 cluster decorated by 

carboxylates and pyridine ligands that contains only CeIV sites.454 The observation of a Ce38 cluster 

assembled from 100% tetravalent metal sites is consistent with the chemistry of +4 metal ions; the 

38mer structure has been observed for UIV, NpIV, and PuIV.127-128,136,140-141,144,161,183  

An octatriacontanuclear species is a part of a series of ‘magic number’ structural units 

containing 6, 10, 12, 16, 22, and 38 tetravalent metal centers that have be isolated in the solid-state 

for Ce and the early actinides, pointing to special stability of these species.455 In contrast to the 

previously reported CeIV 38mer, Ce–26 more closely aligns with other clusters containing 

nuclearities of ‘magic numbers’ that are also mixed-valent – Ce10, and Ce22, and U10, U12, U16.138-

139,453 Upon increasing the nuclearity to 38, only +4 metal ions have been observed previously for 

Ce, U, Np, and Pu.136,141,183,454 To the best of our knowledge, the isolation of Ce–26 in the solid-

state exists as the first report of a mixed-valent nanocluster with a M38 core.    

The interesting mixed-valent character of Ce–26 is coupled with its unique surface 

reactivity that yielded Ce–27 through a single-crystal-to-single-crystal transformation. To the best 

of our knowledge, this represents the first example of nanocluster surface reactivity captured in 

the solid state through single crystal X-ray diffraction. The lability of the chloride/water surface 

ligands has been noted in the past for these 38mers and is evidenced in the surface chemistries of 

reported Pu38 clusters that differ in the ratios of chloride/water ligands; 

Li14[Pu38O56Cl54(H2O)8]⋅xH2O, Li2[Pu38O56Cl42(H2O)20]⋅15H2O, and 

Nax[Pu38O56Cl36(H2O)26]⋅12H2O have all been crystallized with alkali metal counter-ions.127-128,144 

Surface lability has been exploited in solution as a separation strategy to extract Pu nanoclusters 

from an organic layer to the aqueous layer.128 In capturing surface reactivity in the solid state with 
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Ce–26 and Ce–27, fundamental insight into nanocluster chemical behavior is gained that can be 

used towards understanding Pu behavior in separations chemistry and environmental mobility.  

Not only does the phase transformation of Ce–26 provide insight for the actinide 

community, but is also useful in the mechanistic understanding of industrially relevant catalytic 

transformations. It is proposed that Ce–26 transforms into Ce–27 by the release of Cl2 and H2O 

through oxidation of CeIII, consistent with the Ce L3–edge XANES measurements. This 

transformation, known as the Deacon Process, is relevant for dehalogenation efforts with ceria 

(CeO2)-based materials.417 For example, hydrochloric acid from industrial waste streams is 

recycled to yield chlorine gas, which can be mediated by CeO2 owed to its reactivity, low cost, 

and relative abundance compared to other oxides used to perform this reaction, like ruthenium-

based materials.431 Previous mechanistic insights for HCl oxidation by CeO2 have largely been 

assembled through indirect probes like EPR and FTIR.431,456 The solid-state reactivity of Ce–26 

and related clusters may provide direct mechanistic insight into this catalytic process. Lastly, 

optimal reactivity of CeO2 is optimized under very high temperatures (>450°C). As has been 

demonstrated for other nanoparticle systems that are catalytically efficient at or near room 

temperature,457 the transformation of Ce–26 also occurs at room temperature. Furthermore, the 

reactivity does not occur at specific sites, which may be attributed to the delocalized mixed-valent 

identity of the cluster. Delocalized mixed valency differs from other reports of mixed-valent Ce 

clusters like Ce22 and Ce40 that noted site-specific locations of CeIII.454 In summary, the isolation 

of Ce–26 and the observed single-crystal-to-single-crystal transformation to Ce–27 provide 

fundamental insight for many relevant applications.   
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9.8.2 Novel Ce-Oxo Clusters with the PyH+ Counter-Cation 

Although one experimental procedure is reported for Ce–26, many synthetic iterations 

yielded the compound. These preparations varied in the concentration of the Ce/HCl(aq) stock 

solution and K+, as well as the overall HCl(aq) concentration, and demonstrate the ubiquity of this 

structure in the presence of K+ in acidic chloride solution. Upon counter-ion substitution of K+ for 

the H-bond donor, pyridinium (PyH+), distinct changes in the Ce structural chemistry ensued (see 

Section 9.10.2 for experimental details). Evaporation of acidic aqueous solutions containing the 

same concentrations of the Ce/HCl(aq) stock solution and overall HCl(aq) concentration that yielded 

Ce–26, along with a relatively similar counter-ion concentration (K+≈0.05 mmol vs. PyH+≈0.06 

mmol), produced another derivative of the Ce38 cluster, (PyH)n[Ce38O56Cl50(H2O)12]⋅xH2O (Ce–

28). Ce–28 was observed just prior to complete evaporation of the reaction solution (~50 𝜇L of 

pale-yellow solution). If the evaporation was stopped at this point (i.e. reaction vial was capped), 

many crystals of Ce–28 were suspended in a colorless solution. Conversely, if evaporation was 

allowed to continue, the solution color would darken to an orange/yellow color and then upon 

complete evaporation, precipitation of an orange/yellow solid occurred. The structure was 

determined by single crystal X-ray diffraction to be (PyH)2CeCl6 (Ce–29). The relative 

equilibrium between Ce–28 and Ce–29, based on observations in the solid state, is illustrated in 

Figure 9.10. Interestingly, another species was isolated in the presence of PyH+; at lower 

concentrations of the Ce/HCl(aq) stock solution (~0.013 mmol vs. 0.025 mmol), the largest 

tetravalent cluster known to date was isolated; (PyH)n[Ce52O81Cl57(H2O)18]⋅xH2O (Ce–30). 

Similar to Ce–28, the Ce52 cluster could be crystallized right before the reaction solution was 

completely evaporated. However, if the solution reached complete dryness, Ce–29 was observed. 

To further complicate the synthetic landscape, Ce52 was observed to transform to Ce38 on a few 
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occasions. Rather, if the reaction solution was capped right as Ce52 crystals formed, upon 

inspection by single crystal X-ray diffraction a few days later, the Ce52 crystals seemingly 

dissolved and another derivative of Ce38 was identified.  

 

 

Figure 9.10 Illustration of equilibrium between cerium structural units isolated from acidic 
aqueous chloride solutions with PyH+ counter-ions. Color code: Ce, yellow; O, red; Cl, green. 
 
This relative equilibrium between Ce–28, Ce–29, and Ce–30 is illustrated in Figure 9.10, with the 

overall driving force towards the CeCl62– monomeric unit in the solid-state. However, small 

changes to the reaction conditions in the presence of PyH+ allowed for the isolation of these unique 

species. Therefore, crystallization control that was not observed with K+ is apparent with PyH+ 

systems, illustrated by the ability to shift the equilibrium with an H-bond donor towards elusive 

species that otherwise cannot be realized with alkali metal cations.  

9.8.3 Extension to PuIV  

 The rich structural chemistry of the compounds that precipitated from Ce/HCl(aq) solutions 

in the presence of PyH+ counter-ions motivated efforts to extend this synthetic strategy to Pu. 

Despite variation in PuIV, pyridine, and HCl(aq) concentrations, the PuCl62– dianion, Pu colloids, or 

both were the only species that could be detected in the solid state. No discrete Pu-oxo clusters 

were observed. These results may point to the stability of the PuCl62– unit in the presence of H-
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bond donors such as PyH+. It is worth noting that the majority of Pu oligomers have been isolated 

with alkali metal counter-ions. For example, work by Hixon and coworkers showed that Pu16, Pu22, 

and Pu38 could be crystallized in the solid-state with Li+ and Na+ counter-ions.144 Conceivably, H-

bonding between R–NH+ counter-ions and the PuCl62– structural unit (an interaction not accessed 

when alkali metals are present) afford added stability that shifts the equilibrium in solution towards 

the mononuclear complex, preferentially precipitating it in the solid state instead of polynuclear 

species. Nonetheless, these results highlight the difficulty in isolating Pu clusters from aqueous 

solution and provide further evidence that Ce is not always the best surrogate to understand the 

behavior of Pu.245,458-459 For instance, inherent disparities between Ce and Pu exist in these systems 

in both the relative redox potentials (+3/+4) and the starting materials. Considerable differences in 

the electrochemical behavior458 between Ce (E°=1.61 V/NHE) and Pu (E°=0.97 V/NHE) are 

echoed in their redox behavior in HCl(aq); CeIV is readily reduced in HCl(aq) whereas the +4 

oxidation state of Pu is most stable under the same conditions.460 As such, the Ce/HCl(aq stock 

solution exists as a CeIII/CeIV mixture (Appendix K.1), but the Pu/HCl(aq) stock solution was all 

+4. Efforts to start with +3 Pu in HCl(aq), which will slowly oxidize up to +4, were not fruitful.  

 Despite repeated efforts to extend Ce nanoclusters to Pu with PyH+, these clusters can still 

offer insight into Pu chemistry. Future work will focus on Ce nanocluster solution studies with the 

aim of arriving at optimized conditions in order to correlate the solution species with those that 

precipitated in the solid state. 

 

9.9 Conclusion / Outlook 

Herein we report a Ce38 nanocluster, Kx[Ce38O56Cl51(H2O)11]∙nH2O (x=10, 12); Ce–26, 

capped by chloride and water ligands in the presence of non-coordinating potassium cations (K+) 
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in acidic aqueous media. Two potential formulas are proposed to describe the cluster: K10[CeIV38-

nCeIIInO56-(n+1)(OH)n+1Cl51(H2O)11]⋅xH2O, Ce–26a (n=1–24) and K12[CeIV38-nCeIIInO56-(n-1)(OH)n-

1Cl51(H2O)11]⋅xH2O, Ce–26b (n=1–24). The mixed-valency of Ce–26, with both Ce3+ and Ce4+ 

atoms present in the core, is supported by Ce L3–edge absorption measurements and X-ray 

photoelectron spectroscopy, with electronic absorption studies pointing towards delocalized 

mixed-valent character. While the octatriaconta-cluster is a common species in the hydrolysis 

chemistry of +4 metal cations (M=Ce, Th–Pu), the reported Ce38 cluster (Ce–26) contains both 

Ce3+ and Ce4+ that is in contrast to all previously reported 38mers with cluster cores built from +4 

metal ions exclusively. Even more exciting is the single-crystal-to-single-crystal transformation 

Ce–26 undergoes at room temperature and ambient conditions. Captured in the solid-state, 

reactivity on the cluster surface converted the Ce38 cluster in Ce–26 to a new Ce38 cluster (Ce–27). 

Although the surface chemistries of chloride-decorated M38 clusters (M=U, Pu) are known to be 

labile as evidenced by the differing ratios of Cl– to H2O ligands for U38 and Pu38 structures, 

isolation of Ce–27 demonstrates this surface lability in real time. To the best of our knowledge, 

this is the first time such a transformation has been captured in the solid-state.  

Upon substitution of the alkali metal counter-ion, K+, for the H-bond donor pyridinium 

(PyH+), not only could a new Ce38 cluster be synthesized, but a level of crystallization control 

could also be achieved to favorably precipitate even large polynuclear species (Ce52 cluster) or 

conversely smaller monomeric complexes (CeCl62–). Efforts to extend these findings to PuIV did 

not readily produce single crystals of Pu-oxo nanoclusters in the solid-state, but instead yielded 

PuCl62– while battling the formation of Pu colloids to highlight the challenges associated with 

predicting and controlling Pu oligomers in aqueous solution. 
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9.10 Experimental Methods  

9.10.1 General Considerations 

Ceric ammonium nitrate [(NH4)2Ce(NO3)6]; Baker Analyzed® Reagent, J.T. Baker 

Chemical Co.], cerium trichloride hydrate [CeCl3�X(H2O); Strem Chemicals, 99.99%], ammonium 

hydroxide (NH4OH; Fisher Scientific), potassium chloride (KCl; VWR), and potassium hydroxide 

(KOH; Sigma-Aldrich ACS reagent, >85%, pellets) were obtained commercially and used as 

received. Acidic solutions were made through appropriate dilutions of aqueous hydrochloric acid 

(HCl(aq) Fisher Scientific) with water. Nanopure water was used in all experiments (18.2 MΩ·cm; 

Millipore, USA).  All compounds were prepared in a certified fume hood and no attempt was made 

to exclude air and moisture. 

9.10.2 Syntheses of Ce Compounds   

9.10.2.1 Synthesis of Kn[Ce38O56Cl51(H2O)11]⋅xH2O, (Ce–26) 

  (NH4)2Ce(NO3)6 (0.274 g; 0.5 mmol) was dissolved in water (0.5 M in Ce4+). A 

small quantitate of NH4OH(aq) (conc; 200 μL) was then added, causing a yellow solid to precipitate. 

The mixture was centrifuged and the supernatant was discarded. After washing with water (3 ´ 2 

mL), the yellow pellet was dissolved in HCl(aq) (1 mL; 1 M). Aliquots from this acidic Ce(aq) stock 

solution (100 μL; ~0.05 mmol in Ce; ~27 mg of Ce) were subsequently pulled and combined with 

HCl (400 μL; 1 M), KCl (10 μL; 1 M), and KOH (40 μL; 1 M) in a shell vial (3 mL) that generated 

a pale yellow solution. The reaction solutions were allowed to slowly evaporate (approximately 7 

days under ambient conditions). Yellow crystallites formed and the solution color became dark 

yellow. Within a few hours of first observing the crystallites, the solution became colorless, and 

yellow block crystals of Ce–26 (50 μm approximate diameter) were clearly observed using an 

optical microscope. Typically, on the order of fifty crystals of Ce–26 were manually separated 
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from colorless block crystals of KCl(s) that also precipitated. Despite the lack of color in the 

supernatant, fluorescence spectroscopy confirmed significant quantities of Ce3+ remained 

dissolved (Appendix K.1). As Ce–26 is soluble in most solvents, bulk characterization was 

performed by pipetting out the colorless mother liquor, along with the Ce–26 crystals and 

recrystallized KCl(s), onto a glass slide and manually separating the yellow block crystals from the 

colorless crystals. This process was repeated many times until enough sample for the 

corresponding characterization was attained. Finally, the crystals were washed with hexanes.   

9.10.2.2 Synthesis of K9[Ce38O62Cl43(H2O)12]⋅xH2O, (Ce–27) 

  The same synthetic procedure that yielded Ce–26 was repeated. Upon 

crystallization, a single crystal was removed from the mother liquor and the crystal identity as Ce–

26 was confirmed by single crystal X-ray diffraction. This crystal was then placed on a glass slide, 

the oil used to collect the unit cell was wicked away, and the crystal was left under ambient 

conditions. After 4 to 5 days, a new single crystal X-ray diffraction data set was recollected on the 

same crystal to reveal that a new phase had formed through a single-crystal-to-single-crystal 

transformation to yield Ce–27.  

9.10.2.3 Synthesis of (PyH)n[Ce38O56Cl50(H2O)12]⋅xH2O, (Ce–28) and 

(PyH)2CeCl6, (Ce–29) 

  (NH4)2Ce(NO3)6 (0.247 g; 0.45 mmol) was dissolved in water (0.45 M in Ce4+). A 

small quantitate of NH4OH(aq) (conc; 180 μL) was then added, causing a yellow solid to precipitate. 

The mixture was centrifuged and the supernatant was discarded. After washing with water (2 ´ 2 

mL), the yellow pellet was dissolved in HCl(aq) (1 mL; 1 M) and allowed to become a clear yellow 

solution for several hours. An aliquot from this acidic Ce(aq) stock solution (50 μL; ~0.025 mmol 

in Ce; ~14 mg of Ce) was subsequently pulled and combined with HCl (200 μL; 1 M) and pyridine 
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(5 μL; 0.062 mmol) in a shell vial (3 mL) that generated a pale-yellow solution. The reaction 

solution was allowed to slowly evaporate (approximately 3 days under ambient conditions). When 

approximately 50 μL of the yellow reaction solution remained, small crystallites formed. Under an 

optical microscope, yellow prismatic crystals (50 μm approximate diameter) were observed, 

alongside smaller needles and microcrystals. The yellow prisms were determined by single crystal 

X-ray diffraction to be Ce–28. If this solution was then allowed to evaporate further (~12 hours), 

the solution darkened and many more crystals precipitated with a different morphology. These 

darker orange/yellow plates were determined to be Ce–29. 

9.10.2.4 Synthesis of (PyH)n[Ce52O81Cl57(H2O)18]⋅xH2O, (Ce–30)  

  (NH4)2Ce(NO3)6 (0.274 g; 0.5 mmol) was dissolved in water (0.5 M in Ce4+). A 

small quantitate of NH4OH(aq) (conc; 200 μL) was then added, causing a yellow solid to precipitate. 

The mixture was centrifuged and the supernatant was discarded. After washing with water (2 ´ 2 

mL), the yellow pellet was dissolved in HCl(aq) (1 mL; 1 M) and allowed to become a clear solution 

for several hours. An aliquot from this acidic Ce(aq) stock solution (25 μL; ~0.013 mmol in Ce; ~7 

mg of Ce) was subsequently pulled and combined with HCl (200 μL; 1 M) and pyridine (5 μL; 

0.062 mmol) in a shell vial (3 mL) that generated a very pale-yellow solution. The reaction solution 

was allowed to slowly evaporate (approximately 3 days under ambient conditions). When 

approximately 50 μL of the dark yellow reaction solution remained, a portion of the mother liquor 

was pipetted on a glass slide. Under an optical microscope, dark yellow parallelograms (50 μm 

approximate diameter) precipitated and determined by single crystal X-ray diffraction to be Ce–

28. Within a few hours of first observing the crystallites, the solution became colorless, and 

additional parallelogram crystals of Ce–28 were clearly observed. Typically, on the order of 5–20 

crystals of Ce–28 would precipitate from the reaction solution.  
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9.10.3 X-ray Structure Determination, Crystallographic Refinement Details, and 

Crystallographic Parameters   

A single crystal for all reported Ce compounds was isolated from the bulk and was mounted 

on a MiTeGenTM micromount in paratone oil. The crystals were then transferred to a Bruker Quest 

D8 diffractometer equipped with an IμS X-ray source (Mo Kα radiation; λ = 0.71073 Å) and a 

CMOS detector. The data were collected at 100(2) K and subsequently integrated using the APEX 

III software suite with an absorption correction applied using SAINT and a multi-scan technique 

in SADABS.367 The structures were solved using intrinsic phasing methods and refined using 

SHELXL285 within the SHELXle software program.369 Materials were prepared for publication 

through enCIFer461 and the structural figures created from CrystalMaker (V. 9.1.1). As described 

below, in addition to Section 9.3.2, two structural models for Ce–26 were developed. 

Crystallographic details for each refinement are provided in Table 9.1. 

Ce–26a (100 K). A structural model consisting of seven Ce atoms, nine Cl ions, nine O 

atoms, and three K cations per asymmetric unit was developed. The cerium and μ3/μ4-oxygen 

atoms that formed the cluster core were well behaved. However, it was difficult to model the 

ligands that decorated the surface of the cluster, the outer coordination sphere cations, and co-

crystallized solvent molecules. For example, occupancy of the Cl(9) surface bound chlorine atoms 

was shared with surface bound O(14). The site was parted and the respective occupancies of Cl(9) 

and O(14) were allowed to freely refine, with Cl(9) restrained to behave isotropically. Interatomic 

distances associated with Cl(9) and O(14) atoms to Ce(1) and K(1) atoms were restrained to be 

similar and to have comparable anisotropic U values. In the outer coordination sphere, three 

potassium cations and one water molecule – K(1), K(2), K(3), and O(2) – were located in the 

difference map. All of these atoms were refined with partially occupancy against separate free 
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variables. The K(1) and O(2) atoms were restrained isotropically. Hydrogen atoms associated with 

the outer sphere O(2) water molecule and water molecules bound to the cluster could not be located 

in the difference map and left out of the final refinement. Rigid bond restraints were imposed on 

displacement parameters for all sites. Several reflections were omitted from the final refinement, 

owing to obstruction from the beam stop or identified as insufficient reflections. This practice is 

commonly used for the structural refinement of large clusters141,454 like Ce38 because of the large 

concentration of highly absorbing atoms that can strongly influence the intensity of reflections. 

The data were checked for potential twinning effects using CELL_NOW, yet none were apparent. 

The structural model assembled contained large accessible voids filled with solvent molecules and 

thus the program SQUEEZE within the PLATON462 package was used to determine the solvent 

area and remove its contribution from the overall refinement. The squeezed data are reported. 

Ce–26b (100 K). A second structural model was developed that differed in the occupancy 

of K+ atoms, and consequently the overall charge on the Ce–26 cluster. This second refinement 

model was similar to that described above in that it also contained seven Ce atoms, nine Cl ions, 

nine O atoms, and three K cations per asymmetric unit. This second model was unique in terms of 

K cation occupancy; K(1) and K(2) were partially occupied and refined against separate free 

variables. The K(3) atom was left fully occupied. This refinement increased the total number of 

potassium cations from 10 to 12, maintained the thermal parameters associated with K(1) and K(2), 

and elevated the thermal parameters for K(3). The structural model assembled contained large 

accessible voids filled with solvent molecules and thus the program SQUEEZE within the 

PLATON package was used to determine the solvent area and remove its contribution to the overall 

refinement. The squeezed data are reported. It is difficult to determine which refinement model 



 239 

best represented the data, as quality of fits for refinement of Ce–26a and Ce–26b were both equally 

high. Consider the similar R values of 3.49% and 3.74%, respectively. 

Ce–29 (300 K). The pyridinium is disordered over two sites across a symmetry site, so 

negative PART commands were used in addition to the rings constrained to be perfect hexagons. 

The structure was restrained to possess similar anisotropic displacement parameters. The 

pyridinium H atom could not be located in the difference map, and therefore it was placed in a 

calculated position. The Cl2 and Cl3 atoms have large thermal parameters, but attempts to disorder 

them were unsuccessful.  They also sit on symmetry sites. 

Table 9.1 Crystallographic structure refinement parameters for compounds in this 
Chapter. 

 Ce–26a Ce–26b Ce–27 
formula H32Cl51K10O67Ce38 H32Cl51K12O67Ce38 H38Cl43K9O85Ce38 

MW (g	mol!") 8627.69 8705.89 51723.40 
T (K) 100(2) 100(2) 100(2) 

crystal color/habit yellow/block yellow/block yellow/block 
crystal system trigonal trigonal trigonal 
space group R–3 R–3 R–3 
𝜆	(Å) 0.71073 0.71073 0.71073 
𝑎	(Å) 29.9982(13) 29.9982(13) 27.6261(10) 
b (Å) 29.9982(13) 29.9982(13) 27.6261(10) 
c (Å) 18.9230(10) 18.9230(10) 37.7666(14) 
𝛼	(deg) 90 90 90 
𝛽	(deg) 90 90 90 
𝛾	(deg) 120 120 120 

volume (Å#) 12846.4(14) 12846.4(14) 24962(2) 
Z 1 1 1 

𝜌	(mg	m!#) 3.363 3.389 3.441 
𝜇	(mm!") 10.960 11.002 11.158 

R1 0.0349 0.0374 0.0532 
wR2 0.0750 0.0840 0.1155 
GOF 1.007 1.016 1.220 
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 Table 9.1 (cont.) 

 Ce–28 Ce–29 Ce–30 
formula C20H24Cl50N4O84Ce38 H12C10Cl6N2Ce C55H66Cl57N11O113Ce52 

MW (g	mol!") 8761.49 513.04 11996.35 
T (K) 100(2) 300(2) 100(2) 

crystal color/habit yellow/plate yellow/plate yellow/parallelogram 
crystal system monoclinic monoclinic monoclinic 
space group P21/n C2/m C2/c 
𝜆	(Å) 0.71073 0.71073 0.71073 
𝑎	(Å) 18.8097(7) 12.9930(6) 45.990(3) 
b (Å) 18.7772(7) 8.6538(4) 33.657(2) 
c (Å) 28.4387(11) 7.9621(3) 22.4362(15) 
𝛼	(deg) 90 90 90 
𝛽	(deg) 97.604(1) 97.827(1) 115.674(2)) 
𝛾	(deg) 90 90 90 

volume (Å#) 9956.0(7) 886.91(7) 31300(4) 
Z 2 2 4 

𝜌	(mg	m!#) 2.923 1.921 2.546 
𝜇	(mm!") 0.216 3.457 7.929 

R1 0.0692 0.0217 0.1082 
wR2 0.1715 0.0607 0.3186 
GOF 1.015 1.073 1.752 

 

9.10.4 Infrared, Raman, UV-vis-NIR Spectroscopy    

 Raman spectra were obtained from single crystals of Ce–26 and Ce–27 on a Horiba 

LabRAM HR Evolution Raman spectrometer with an excitation line of 532 nm and circularly 

polarized radiation. Data were collected over Δν 100−4000 cm−1 and analyzed within the LabSpec 

program. Infrared spectra were obtained using a PerkinElmer Spectrum 2 FTIR spectrometer and 

analyzed with the Spectrum Quant software program. Crystals were placed directly on the FTIR-

ATR stage, and spectra were collected over Δν 400−4000 cm−1 with 16 scans and a 2 cm-1 

resolution. UV−vis−NIR spectra for Ce–26 were collected using a CRAIC 20/30 PV™ 

Technologies microspectrophotometer; crystals were placed on a quartz slide in oil and data were 

collected from 320−1100 nm. All spectroscopic data were collected at room temperature.   
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9.10.5 Powder X-ray Diffraction 

 The bulk powder pattern of Ce–26 (Appendix A.10) after manual separation from the 

reaction solution was measured using a Bruker APEX DUO with a CCD detector using Cu Kα (λ 

= 1.542 Å) radiation. Data were collected at room temperature. This method was also used to 

confirm the co-precipitation of KCl(s) (Appendix A.11).  

9.10.6 X-ray Photoelectron Spectroscopy (XPS) 

 The sample for XPS was prepared from isolating single crystals of Ce–26 (~5 mg) crystals 

as described vide supra. The crystals were pressed into a powder and dispersed as a thin film (~1 

mm2) onto double-sided copper tape. The XPS measurements were performed under vacuum (1 x 

10–8 Torr) within a Kratos Axis 165 X-ray Photoelecton Spectrometer operating in hybrid mode 

using monochromatic Al Kα X-rays (hν=1486.7 eV). Charge neutralization was first performed to 

minimize sample charging. Survey spectra and high-resolution spectra were collected using pass 

energies of 160 eV and 20 eV, respectively, and an energy step size of 0.1 eV. The data were 

modeled using the CasaXPS software package; the Shirley method was applied as a background 

correction.463   

9.10.7 Ce L3–Edge X-ray Absorption Spectroscopy (XAS) 

 Measurements were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) 

on end station 4-3. Crystals of Ce–26 were harvested manually and the CeCl3·xH2O and 

(NH4)2Ce(NO3)6 standards were analyzed as powders. The sample (~2 mg) was mixed with boron 

nitride (BN, ~8 mg) and ground in a Wig-L-Bug grinder/mixer (2 min). Next, a thick film of 

sample was dispersed on a piece of Kapton tape (12 µm) using a paintbrush. The sample was 

covered with a second piece of Kapton tape (sticky side up) and a second layer of sample was 

deposited on the tape. The sample was sealed with a layer of thin polypropylene (4 μm) and the 
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assembly fixed to an aluminum sample holder. Variable temperature measurements (7–205 K) 

were compared with data obtained at room temperature. The Ce L3–edge XAS spectra were 

measured under dedicated operating conditions (3.0 GeV, 5%, 500 mA). A single energy was 

selected from the white beam with a liquid-N2-cooled double-crystal monochromator utilizing 

Si(111) (ϕ = 90) crystals. The beam was detuned at 5900 eV to 50% to avoid third harmonic 

contamination. The upstream slits controlling the size of the beam were set to 0.5 mm (vertical) 

by 10 mm (horizontal). Each sample was measured in fluorescence mode. 

 For cryogenic measurements, samples were pre-cooled in liquid nitrogen and loaded into 

the SSRL helium cryostat. When the cryostat was in use, an upstream ion chamber (I0) measured 

the strength of the incident beam, and a Lytle detector measured the fluorescence from the sample. 

Calibration was performed simultaneously by scattering a portion of the incident beam through a 

chromium foil and onto a photo-diode X-ray detector. The monochromator was calibrated by 

setting the inflection point of a chromium foil edge step to 5989 eV. For data acquisition at room 

temperature, measurements were conducted using the Los Alamos National Laboratory (LANL) 

sample chamber. The LANL sample chamber was equipped with two ion chambers to measure I0 

and I1. Fluorescence was collected using a Passivated Implanted Planar Silicon (PIPS) detector. 

The LANL sample chamber and attached ion chambers were flushed with helium during 

measurements. Calibrations were again performed in situ by scattering a portion of the incident 

beam through a chromium foil onto a photo-diode X-ray detector.  

 Each individual cerium spectrum was calibrated in energy by setting the inflection point of 

a chromium foil (5989 eV), measured in situ. Using the Athena program, a polynomial was fit to 

the pre-edge region (5523 eV to 5695 eV) and subtracted from the data for each spectrum. The 

post-edge data (5741 eV to 6011 eV) were normalized by fitting a second order polynomial to the 
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data and constraining the edge step to be 1 (E0 = 5725.7). Data comparisons and plotting were 

done using Mathematica. Fits of data were done using Mathematica, which utilizes a Levenberg-

Marquardt minimization algorithm. Pseudo-Voigt functions were constrained to have equal 

Gaussian and Lorentzian parts except in the fit of the CeIIICl3 where the mixing fraction was 

allowed to vary. 
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CHAPTER 10: DISSERTATION SUMMARY AND OUTLOOK 

10.1 Dissertation Summary  

The actinides are critical for a number of applications in today’s society, having use in energy 

generation, radiotherapeutics, space exploration, and national security. Coupled with the need to 

safely dispose of nuclear fuel and mitigate past disposal practices, an understanding of actinide 

speciation in water is fundamentally important. Yet our basic knowledge of An chemical behavior 

has lagged behind the rest of the periodic table. Certain factors, such as redox chemistries, 

hydrolyzed species, and complexing ligands are all recognized to underpin the complexes and 

clusters that form. Despite well-established factors that are known to dictate An speciation, the 

role that noncovalent interactions play in complexation, stability, reactivity, and periodicity of An 

species under aqueous conditions is relatively unknown. We have addressed this paucity of 

information through (1) examination of structural data of the early tetravalent actinides (An=Th, 

U, Pu) with an eye towards understanding the role outer coordination sphere molecules and ions – 

and more importantly, noncovalent, intermolecular interactions – play in governing actinide 

complexation and influencing periodic trends, (2) exploitation of noncovalent interactions towards 

the stabilization of elusive actinide complexes and clusters, and (3) correlation of the relationship 

between the species observed in solution to those that precipitate in the solid-state. Towards this 

aim, several studies pursued this challenge. 

 In Chapter 4, the speciation of redox inactive ThIV was explored under acidic aqueous 

solutions in the presence of pyridinium (PyH+) counter-ions. Upon evaporation of the reaction 

solution, two compounds co-precipitated in the solid-state. Whereas one compound is built from 

discrete mononuclear Th(H2O)4Cl4 units, the other compound consists of a novel hydroxo-bridged 

trimeric [Th3(OH)5]7+ core. Unlike other polynuclear clusters that are considered in models of Th 
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aqueous behavior, trimers are largely absent from discussions of Th solution and solid-state 

chemistry. Isolation of the atypical trimeric species may be attributed to outer coordination sphere 

interactions that help stabilize the structural units through hydrogen bonding and π−π stacking 

interactions. Furthermore, small-angle X-ray scattering analysis of [Th3(OH)5]7+ in water indicated 

that the trimeric structural unit remains intact. Taken together with the isolation of this polynuclear 

species in the solid-state, the consideration of trimeric hydrolysis products in the thermodynamic 

and geochemical models of Th in water is merited. 

 Motivated by the unique structural units that were crystallized from aqueous solutions of 

ThIV and pyridinium, similar synthetic efforts were extended to redox active UIV in Chapter 5. 

Evaporation of a UIV/HCl(aq) solution containing PyH+ produced (HPy)2UCl6 in excellent yield, 

contrasting the higher coordinate aquo/chloro ligated monomer and trimer observed with ThIV. 

The structure is built from UCl62− anionic units that are pervasive in descriptions of the aqueous 

chemistry of UIV. Yet in the presence of L-serine, the U(H2O)4Cl4 structural unit is obtained that 

is isomorphous to the monomer observed in the Th system. By comparison, the neutral UIV–aquo–

chloro complex had not been reported in the solid state until this point. Although electronic 

absorption studies identified an 8 or greater coordination complex in the reaction solution, density 

functional theory calculations showed the conversion of U(H2O)4Cl4 to UCl62– to be exothermic, 

as is observed experimentally in the solid-state product. Although the function of L-serine remains 

unclear, the energetic driving force to UCl62– coupled with no previous solid state reports of a UIV–

aquo–chloro complex may point toward the importance of hydrogen bonding and other 

supramolecular interactions in the stabilization and/or crystallization of the U(H2O)4Cl4 structural 

unit over the energetically favored UCl62– dianion. 
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 In an effort to continue to probe the influence of noncovalent interactions on An speciation, 

Chapter 6 expanded beyond the pyridinium counter-ion to a catalog of H-bond donors with 

nitrogen-containing heterocyclic backbones. In the presence of these counter-ions, a series of 

eighteen tetravalent actinide compounds were synthesized from acidic aqueous solutions 

containing thorium, uranium, or plutonium. ThIV formed exclusively Th−aquo−chloro species 

whereas PuIV adopted only PuCl62−; UIV exhibited intermediate behavior, illustrating breaks in the 

structural chemistry of the early tetravalent actinides. Similar to the observations in Chapter 5, a 

comparison of the solution and solid-state spectra suggested that, although prevalent in the solid-

state structural chemistry of U and Pu, the AnCl62− octahedron does not exist to an appreciable 

extent in the reaction solutions. Moreover, the likely existence of UIV−aquo−chloro species in 

chloride solutions are not reflected in the majority of species that crystallized, with limited reports 

of these complexes in the solid state. Yet, the isolation of unique AnIV chlorides as reported in this 

Chapter may point to the importance of nonbonding interactions in the stabilization and 

precipitation of elusive AnIV structural units. 

In building upon the rich structural chemistry of Th–aquo–chloro complexes isolated in the 

presence of a small catalog of N–heterocycles in Chapter 6, work in Chapter 7 combined 

experimental and computational efforts to target a series of Th–aquo–chloro complexes. With a 

broader library of H-bond donors, a series of compounds were assembled that differ in the 

composition and charge of the Th inner coordination sphere, ranging from chloride-poor to 

chloride-rich in a near stepwise fashion. The influence of counter-cation identity on complex 

composition was investigated and density functional theory calculations probed the energetic 

landscape that separated the species observed in the solid-state. Energetic driving forces behind 

the formation of most of the Th complexes were identified, with a notable exception for the 



 247 

dianionic [Th(H2O)2Cl6]2– unit that yielded an endothermic free energy. Future electrostatic 

potential investigations seek to probe noncovalent interactions from outer sphere counter-ions that 

may result in directing effects of the metal complex. More broadly, this work demonstrates our 

motivations to engage computational support in order to understand the impact of noncovalent 

interactions. Future theoretical studies aim to include the second coordination sphere as a means 

to more completely understand the factors that govern identity, stability, and reactivity of actinide 

complexes and clusters.     

 As well-defined breaks were observed in the solid-sate structural chemistry of the early 

actinides in Chapter 6 and the coordination of the ThIV inner sphere was influenced by the counter-

ion in Chapter 7, it was hypothesized that variance in PuIII coordination would also be observed as 

ThIV and PuIII possess similar ionic radii. Four unique PuIII coordination compounds could be 

isolated in the presence of pyridine, bipyridine, and phenanthroline (Phen), highlighted in Chapter 

8. The majority of the compounds adopted PuIII–aquo–chloro structures, yet the inclusion of 

PhenH+/PhenH22+ promoted the complete exclusion of water from the inner coordination sphere 

of PuIII to yield a PuCl63– trianion with to an unprecedentedly low coordination number for the +3 

actinides. The isolation of this rare complex of PuIII from aqueous solution serves as motivation to 

better characterize AnIII vs. AnIV solution-phase and solid-state speciation in the presence of a 

diverse catalog of counter-ions.  

 In Chapter 9, tetravalent cerium was pursued as an entry into plutonium chemistry to isolate 

novel polynuclear species that have long complicated Pu processing and been linked to 

environmental transport. In this work, lower acidity and various counter-cations were used to 

isolate Ce nanoclusters capped by chloride ions and water molecules. With potassium, the first 

example of a mixed-valent Ce38 cluster could be stabilized, supported by X-ray absorption and X-
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ray photoelectron spectroscopies to identify CeIII and CeIV within the cluster, with electronic 

absorption studies pointing towards delocalized mixed-valent character. Perhaps even more 

impactful was the single-crystal-to-single-crystal transformation that captured reactivity on the 

surface of the cluster. Although the surface lability has been noted in other An38 clusters, this 

represents the first example of surface reactivity in the solid-state, with applications toward not 

only the catalytic behavior of cerium dioxide, but also in understanding the factors that govern the 

assembly and chemical behavior of these nanoclusters. Interestingly, substitution of K+ for PyH+ 

along with a lower Ce concentration promoted the crystallization of a Ce52 cluster, the largest 

tetravalent cluster known to date.  

 The work presented in this dissertation did not come without challenges. Achieving 

oxidation state purity of the actinides without formation of hydrolysis products, particularly for U 

and Pu, can be difficult under aqueous solutions. Yet, strategies involving acidic environments, 

inert atmospheres, and in situ reducing agents allowed control over the An oxidation state with 

relative ease. Furthermore, although these materials were almost all radioactivity, creative 

advancements in containment strategies permitted the characterization of these phases safely. For 

uranium in particular, this work adds to the growing body of literature that illustrates the 

accessibility and stability of tetravalent U in water, yielding fruitful speciation without oxidation 

issues and warranting its continued exploration. The UIV phases not only provide metrical data that 

can be used to model An behavior, but also begin to fill the knowledge gap between the 

underexplored tetravalent oxidation state compared to hexavalent uranium.  

 Prior to this work, outer coordination sphere molecules and ions had largely been ignored 

in considerations of the factors that govern actinide speciation. Coupled with several other recent 

examples, the unique phases isolated with various counter-ions herein represent complexes and 
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clusters that would not have been realized in the absence of such outer sphere molecules and ions. 

Solid-state structural data provided foundational examples wherein the identity of the counter-ion 

impacted the composition, charge, nuclearity, and stability of the actinide species that formed in 

solution and precipitated in the solid-state. Moreover, several techniques such as small angle X-

ray scattering and electronic absorption spectroscopy were employed to link the species that 

crystallized in the solid-state to those that exist in solution. H-bond donor counter-ions, which 

almost all could engage in 𝜋–effects, yielded novel motifs, inspiring the use of noncovalent 

interactions as a synthetic tool to access elusive An complexes and clusters in this work and in the 

future. The periodicity of the early actinides was also explored, revealing both commonalities 

across the series, along with periodic breaks in many instances.  

 

10.2 Research Outlook  

 The research presented herein provides foundational knowledge for future endeavors, yet 

we are just at the beginning of understanding the impact of noncovalent interactions. Although this 

work highlighted differences in An speciation that could be achieved upon variation in counter-

ion identity, the driving forces behind these observations remain to be understood. It should be 

noted that grasping the impact of the outer coordination sphere and noncovalent interactions is a 

difficult task, complicated by challenges in simply characterizing the outer sphere in comparison 

to the inner sphere in solution and the solid-state. Consider extended X-ray absorption fine 

structure (EXAFS) measurements of an An solution; due to inherent confines of this 

characterization technique, there is much more confidence in the accuracy of inner coordination 

sphere composition compared to the second shell, particularly when limited quantities are available 

for the synthetic radionuclides. Similarly, in the solid state, noncovalent interactions are somewhat 
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ambiguous when compared to defined and discrete metal–ligand or covalent bonds. As such, future 

work will rely on a combined experimental and theoretical approach to understand the role of 

noncovalent interactions in actinide speciation, drawing on electrostatic potentials to categorize 

noncovalent interactions observed crystallographically as directing or simply a result of crystal 

packing. Furthermore, the inclusion of the second sphere in theoretical models, albeit 

computationally cumbersome, will be imperative to reveal the impact of counter-ion identity on 

the assembly and stabilization of the An inner coordination sphere. 

Overall, this dissertation illustrates rich structural diversity in the early actinides, afforded 

not only by An identity, but also through systematic changes of the counter-ion. The work 

presented herein merits the consideration of outer coordination sphere interactions in 

understanding, and ultimately predicting and controlling, An speciation, while offering promise as 

a synthetic strategy towards the isolation of elusive An complexes and clusters. 
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APPENDIX A: POWDER X-RAY DIFFRACTION PATTERNS 

 
A.1 Powder X-ray diffraction pattern observed for the bulk reaction product (green) collected at 
room temperature overlaid with the patterns calculated from the single crystal structures of Th–1 
(black) and Th–2 (red) at 100 K. The observed powder pattern for the bulk reaction product 
contains peaks associated with both Th–1 and Th–2, indicating the presence of both compounds 
in the bulk.   
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A.2 Powder X-ray diffraction pattern observed for Th–1 (blue) collected at room temperature 
overlaid with the pattern calculated from the single crystal structure at 100 K (black). The crystals 
used to attain the observed pattern of Th–1 were mechanically separated from the bulk reaction 
product.  
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A.3 Powder X-ray diffraction pattern observed for U–3 (red) overlaid with patterns calculated from 
the single crystal structures at 100 K (black) and 296 K (blue).  
 



 254 

 
A.4 Powder X-ray diffraction pattern observed for U–1 (red) overlaid with the pattern calculated 
from the single crystal structure of U–1 at 100 K (black).  The calculated pattern of U–3 (blue) at 
296 K accounts for peaks in the bulk not assigned by the calculated pattern from U–1.   
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A.5 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for U–9 (red) 
overlaid with the pattern calculated from the single crystal structure at 100 K (black). 
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A.6 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for U–13 (red) 
overlaid with the pattern calculated from the single crystal structure at 100 K (black). 
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A.7 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for U–14 (red) 
overlaid with the pattern calculated from the single crystal structure at 100 K (black). 
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A.8 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for Th–17 (red) 
overlaid with the pattern calculated from the single crystal structure of Th–17 at 100 K (black). 
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A.9 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for Th–18 (red) 
overlaid with the pattern calculated from the single crystal structure of Th–18 at 100 K (black).  
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A.10 Powder X-ray diffraction pattern (collected with Cu Kα radiation) observed for Ce–26 (red) 
overlaid with the pattern calculated from the single crystal structure, Ce–26a (black) and Ce–26b 
(blue), at 100 K. The rounded background in the observed pattern is an artifact of data collection 
on the Bruker APEX DUO instrument. 
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A.11 The co-precipitation of potassium chloride (KCl) was observed alongside the crystallization 
of Ce–26, confirmed by powder X-ray diffraction analysis after being manually separated. The 
powder X-ray diffraction pattern is shown (green) overlaid with the calculated pattern (orange, 
ICSD code: 165593). 
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APPENDIX B: RAMAN AND INFRARED SPECTROSCOPIC DATA 

 
B.1 Raman spectra of reaction solution over multiple days of evaporation (initial=red, 1 day=dark 
blue, 3 days=light blue, 7 days=green) compared to crystals of Th–1 dissolved in water (black). 
 

 
B.2 Infrared (IR) and Raman spectra of Th–4 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.3 IR and Raman spectra of Th–5 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
 

 
B.4 IR and Raman spectra of Th–6 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.5 IR and Raman spectra of Th–7 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 

 

 
B.6 IR and Raman spectra of Th–8 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.7 IR and Raman spectra of U–9 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
 

 
B.8 IR and Raman spectra of U–5 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.9 IR and Raman spectra of U–10 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
 

 
B.10 IR and Raman spectra of U–6 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.11 IR and Raman spectra of U–11 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
 

 
B.12 IR and Raman spectra of U–13 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.13 IR and Raman spectra of U–14 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
 

 
B.14 Raman spectra of Pu–10 plotted over 200–2000 cm–1 (Raman=blue). 
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B.15 Raman spectra of Pu–13 plotted over 200–2000 cm–1 (Raman=blue). 
 
 

B.16 Tentative assignment of IR and Raman vibrational bands in Th–5. 

IR (cm–1) Raman (cm–1) Assignment 
3421 s, b  ν(OH) 
3294 m 3304 w ν(NH) 
3175 m 3171 w, b ν(NH) 
3090 s 3083 w ν(CH) 

 3063  w ν(CH) 
 3049 w ν(CH) 
 3031 w ν(CH) 

3012 s, b 3007 w ν(CH) 
2855 m 2926 w, b, sh ν(CH) 

 1654 m, s ν(ring) 
 1642 vs H2O bend or ν(C=N) 

1620 s 1621 m, b, sh H2O bend or ν(C=N) 
1584 s 1524 vs ν(ring) 
1502 w  δ(aryl–H bend) 
1481 s  N–H bend 
1458 s  δ(OH bend) 

1326 w, b   
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B.16 (cont.)   
IR (cm–1) Raman (cm–1) Assignment 
1296 w 1287 vs ν(ring) + δ(CH) 

 1247 m, s  
1223 s 1223 m  
1193 s 1194 w, b ν(ring) + g(CH) 

1120  w   
1096 m 1072 m ν(ring) + δ(CH) 
1055 m   
1020 m 1023 s ν(ring) + δ(CH) 
1003 w 1012 vs νs(ring) 
949 w 942 w, b ν(ring) 

878 w, b   
841 m 844 m g(CH) 
792 vs 780 m δ(ring) + ν(ring) 
741 m  g(CH) 
712 m   

674 w, b   
653 w   
638 w 637 w, b g(ring) 
612 w   
554 w 561 m ν(ring) 
476 w   
435 w   
419 w   

 338 w δ(ring) 

 259 w 
217 w, b 

ν(Th-OH2) + ν(Th-Cl) 
ν(Th-OH2) + ν(Th-Cl) 

 189 w ν(Th-OH2) + ν(Th-Cl) 
 177 w, sh  
 153 w, b  
 131 w  
 107 w  

vs: very strong, s: strong, m: medium, w: weak, sh: shoulder, b: broad; 
δ: in-plane deformation, g: out-of-plane deformation 

 
 
 
 
 
 

lattice modes 
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B.17 Tentative IR band assignments for various Th and U compounds. 

Compound An–Cl/An–
O(H2) (cm–1) 

N–H bend/O–H 
bend (cm–1) 

N–H stretch 
(cm–1) 

O–H 
symmetric/asym

metric stretch 
(cm–1) * 

Th–4 469 1602, 1621, 
1635 3256 3445 

Th–5 476 1620 3294 3427 

Th–6 458, 510 1605, 1616, 
1623, 1635 3238 3405 

Th–7 469, 519 1607, 1624 3299 3398 

Th–8 459 1612, 1620, 
1629 3219 3320 

U–9 467 1619 3203 3455** 

U–5 433 1614, 1621, 
1645 3227 3433 

U–10 478 1617, 1624, 
1638 3215 N/A 

U–6 450, 510 1605, 1622, 
1634 3283 3450 

U–11 451, 511 1605, 1616, 
1623, 1635 3282 3470** 

U–13 475, 522 1602, 1616 3152 3406** 

U–14 456, 505 511 3221, 3243 N/A 
*Center of broad band 

**Potential water impurity 
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B.18 IR spectrum of Th–15 plotted over 100–4000 cm–1 (IR=red). 
 

 
B.19 IR and Raman spectra of Th–17 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.20 IR and Raman spectra of Th–18 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 

 
B.21 IR and Raman spectra of Th–19 plotted over 100–4000 cm–1 (Raman=blue, IR=red). 
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B.22 IR spectra of Ce–26 (red) and Ce–27 (blue).  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



 275 

APPENDIX C: SMALL ANGLE X-RAY SCATTERING DATA 

 

 
C.1 Experimental intensities (non-normalized) of the bulk thorium sample – containing both 
Th(H2O)4Cl4·(HPy·Cl)2 (Th–1) and (HPy)3[Th3(H2O)2Cl10(OH)5]·(HPy·Cl)4 (Th–2) – dissolved 
in water at different concentrations. With increasing concentration there is a decrease in intensity, 
which can be attributed to the increase of X-ray absorbing species, primarily from chloride 
counter-ions. 
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APPENDIX D: DENSITY FUNTIONAL THEORY DATA 

U(H2O)4Cl4 (A)      U(H2O)4Cl4 (B) 
[0.0 kcal/mol]      [1.7 kcal/mol] 

 
D.1 Two calculated isomers of U(H2O)4Cl4. 
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APPENDIX E: MAGNETISM DATA 

 
E.1 Temperature dependence of the inverse magnetic susceptibility, 1/(χ- χo), of U–3. The red 
line shows the fit in the range of 100 to 300 K.  
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E.2 Temperature dependence of the inverse magnetic susceptibility, 1/χ, of U–1. The red line 
shows the fit in the range of 100 to 300 K to the Curie-Weiss law.  
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APPENDIX F: ELECTRONIC ABSORPTION SPECTROSCOPY DATA 

 
F.1 Overlay of UV–vis–NIR spectra of UIV reaction solutions for (1) UIV/HCl(aq) with 3-
chloropyridine, (2) UIV/HCl(aq) with 4,4’-bipyridine, (3) UIV/HCl(aq) with 4-hydroxypyridine, (4) 
UIV/HCl(aq) with phthalazine and (5) UIV/HCl(aq) with 3-methylpyridine. The concentration of 
HCl(aq) in spectra 1–5 is 3 M. The change in absorbance at 800 nm correlates to an instrumental 
detector change. 
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F.2 UV-vis-NIR spectrum collected over a spectral range of 28557–11114.5 cm–1 (350– 900 nm) 
on a single crystal of (PhenH)(PhenH2)PuIIICl6⋅2H2O (Pu–23). 

 

 
F.3 AmIII(H2O)6Cl2]⋅Cl (Am–25) (left) UV-vis-NIR spectrum collected over a spectral range of 
350–900 nm on a single crystal (right).    
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F.4 UV-vis-NIR spectra of Pu solutions (HClO4(aq); 1M) collected after anion exchange 
chromatography was performed to access a pure PuIV stock solution. The blue trace (“Pu3+” 
fraction) is the blue fraction eluted first from the column that is a combination of PuIII and PuIV. 
The green trace (“Pu3+ fraction oxidized to Pu4+”) was formally the PuIII fraction that had been 
oxidized up to PuIV with NaNO2, precipitated with NH4OH, and dissolved in conc. HCl and 
thereafter could be used as a pure PuIV stock solution. The pink trace (“Pu4+” fraction) is the second 
elution from the column that contains a vast majority of PuIV (* = small impurity of PuVI) and was 
used in the syntheses of the reported compounds.   
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F.5 UV-vis-NIR spectrum of PuIII stock solution in HCl(aq) (1.5 M) diluted in water after the 
addition of saturated hydroxylamine hydrochloride solution. This solution was used as a PuIII stock 
solution in HCl(aq) to synthesize the reported PuIII compounds. 
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APPENDIX G: TABULATION OF NONCOVALENT INTERACTIONS 

G.1 Notation and descriptions for noncovalent interactions relevant only for Appendix G.2–G.19. 

Notation Description 
Cg1 Centroid formed from ring containing atoms N1, C1, C2, C3, C4, C5 

Cg2 Centroid formed from ring containing atoms N2, C6 C7, C8, C9, C10 

Cg3 Centroid formed from ring containing atoms N3, C11, C12, C13, C14, C15 

β The angle formed between Cg and the plane normal to Cg 

Cg – Cg Distance between ring centroids 

 
G.2 Representative hydrogen (H) bonding distances and angles in Th–4. 

Interaction Distance (Å) donor-acceptor  Angle (º) 
ÐD-H---A 

N(1)H---Cl(5) 3.172(7) 159(7) 
O(1)H---Cl(5) 3.065(5) 167(5) 
O(1)H---Cl(4) 3.099(5) 157(7) 
O(2)H---Cl(5) 3.118(5) 165(5) 
O(3)H---Cl(5) 3.147(5) 153(6) 
O(3)H---Cl(4) 3.165(5) 163(6) 
O(4)H---Cl(4) 3.184(5) 148(5) 
O(5)H---Cl(4) 3.212(5) 160(5) 
O(6)H---Cl(5) 3.120(5) 167(5) 
O(6)H---Cl(1) 3.172(7) 171(5) 

 
 
G.3 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Th–5. 

Interaction Distance (Å) donor-acceptor  Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

N(1)H---Cl(3) 3.225(3) 133.4(6) - - 
N(2)H---Cl(3) 2.536(3) 132.9(3) - - 
O(1)H---Cl(2) 3.255(3) 155(3) - - 
O(2)H---Cl(1) 3.093(2) 163(3) - - 
O(2)H---Cl(3) 3.068(2) 165(4) - - 
O(3)H---Cl(2) 3.171(2) 156(2) - - 
O(5)H---Cl(3) 3.225(3) 133.4(6) - - 

Cg1---Cg2 - - 3.9183(18) 24.1 
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G.4 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Th–6. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

N(1)H---Cl(1) 3.416(5) 136 - - 
N(2)H---Cl(2) 3.263(4) 151 - - 

Intra 
O(1)H---Cl(1) 2.975(3) 105(3) - - 

O(1)H---Cl(3) 3.074(5) 156(4) - - 
O(2)H---Cl(1) 3.106(3) 158(2) - - 
O(3)H---Cl(3) 3.033(4) 165(3) - - 
O(4)H---Cl(3) 2.870(5) 145 - - 

Cg1---Cg2 - - 3.673(3) 20.8 
Cg2---Cg1 - - 3.910(3) 27.9 

 
G.5 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Th–7. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

O(6)H---N(1) 2.794(3) 173(3) - - 
O(1)H---Cl(5) 3.1313(18) 159(3) - - 
O(1)H---Cl(3) 3.0938(18) 169(3) - - 
O(2)H---Cl(4) 3.1646(18) 146(2) - - 
O(3)H---Cl(3) 3.0618(17) 168(2) - - 
O(4)H---Cl(4) 3.0559(18) 170(3) - - 
O(5)H---Cl(4) 3.2611(18) 156(2) - - 
O(7)H---Cl(5) 3.0240(19) 173(3) - - 
O(7)H---Cl(3) 3.0294(18) 173(3) - - 

Cg1---Cg2 - - 3.7913 26.7 
 

G.6 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Th–8. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

O(1)H---Cl(5) 3.009(3) 170(4) - - 
O(1)H---Cl(6) 3.197(3) 161(3) - - 
O(2)H---Cl(6) 2.957(3) 171(5) - - 
O(2)H---Cl(5) 3.197(3) 165(4) - - 

Intra 
O(3)H---Cl(4) 3.233(3) 111(3) - - 

O(3)H---Cl(2) 3.022(3) 158(4) - - 
O(3)H---Cl(3) 3.132(3) 145(3) - - 
O(4)H---Cl(6) 3.122(3) 164(3) - - 
O(4)H---Cl(5) 3.055(3) 173(4) - - 

Cg1---Cg2 - - 3.520(6) 24.4 
Cg2---Cg3 - - 3.390(14) 21.2 
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G.7 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–9. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(1)H---Cl(2) 3.163(2) 152(3) - - 
Cg1---Cg1 - - 3.6281(15) 19.2 

 
 

G.8 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–5. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(2)H---Cl(3) 3.220(2) 129 - - 
O(2)H --- Cl(2) 3.1741(19) 154(2) - - 
O(3)H--- Cl(2) 3.277(2) 150(2) - - 

intra 
O(3)H---Cl(1) 3.0161(19) 104(2) - - 

O(4)H---Cl(1) 3.1159 (17) 169(2) - - 
O(4)---Cl(3) 3.0645(19) 165(2) - - 
O(5)---Cl(3) 3.1500(19) 170(3) - - 

Cg1---Cg1 - - 3.8900(15) 29.1 

 
 

G.9 Representative H-bonding distances and angles in U–10. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A 

N(1)H---Cl(1) 3.2941(19) 134.8(6) 

 
 

G.10 Representative H-bonding distances and angles in U–12. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A 

O(1)H---Cl(2) 3.0603(18) 172(3) 
O(2)H---Cl(2) 3.0912(17) 175(3) 
O(3)H---Cl(2) 3.0787(19) 168(2) 
O(3)H---Cl(1) 3.0477(18) 160(3) 
O(4)H---Cl(2) 3.1030(18) 168(3) 
O(5)H---Cl(1) 3.1983(18) 173(4) 
O(5)H---Cl(2) 3.401(2) 137(3) 
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G.11 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–6. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

N(2)H---Cl(2) 3.395(5) 138(2) - - 
O(1)H---Cl(3) 3.038(4) 156(3) - - 
O(2)H---Cl(2) 3.102(3) 154(2) - - 
O(3)H---Cl(3) 3.104(5) 163(3) - - 

Cg1---Cg3 - - 3.698(6) 21.0 
Cg2 --- Cg3 - - 3.642(7) 20.5 

 
 

G.12 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–11. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(1)H---Cl(3) 3.2238(17) 148(2) - - 
O(1)H---Cl(2) 3.2201(16) 157(3) - - 

Cg1---Cg1 - - 3.5816(11) 10.5 

 
 

G.13 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–13. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

N(1)H---Cl(1) 3.201(3) 148(3) - - 
Cg2---Cg1 - - 3.8172(9) 28.9 
Cg2---Cg2 - - 3.8419(9) 28.9 

 
 

G.14 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in U–14. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(1)H---Cl(1) 3.2075(19) 152(2) - - 
Cg1---Cg1 - - 3.7008(12) 23.3 

 
 

G.15 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Pu–9. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(1)H---Cl(2) 3.1653(19) 154(2) - - 
Cg1---Cg1 - - 3.4311(7) 18.8 
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G.16 Representative H-bonding distances and angles in Pu–10. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A 

N(1)H---Cl(2) 3.2928(15) 135.8(4) 

 

G.17 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Pu–11. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg1---Cg1 b (º) 

N(1)H---Cl(1) 3.210(3) 148(3) - - 
O(1)H----Cl(2) 3.306(3) 119(3) - - 
O(1)----Cl(3) 3.261(3) 148(3) - - 

Cg1---Cg1 - - 3.562(2) 6.9 

 
 

G.18 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Pu–13. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

N(1)H---Cl(2) 3.3089(17) 138.4(19) - - 
Cg1---Cg2 - - 3.8099(12) 28.6 
Cg2---Cg2 - - 3.8275(12) 28.3 

 
 

G.19 Representative H-bonding distances, angles, and 𝜋–𝜋 stacking interactions in Pu–14. 

Interaction Distance (Å) donor-acceptor Angle (º) 
ÐD-H---A Cg---Cg b (º) 

N(1)H---Cl(1) 3.201(3) 150(2) - - 
Cg1---Cg1 - - 3.7160(18) 23.5 
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G.20 Selected noncovalent interactions – such as hydrogen bonding, halogen–𝜋, C–H–𝜋, and 𝜋–
𝜋 stacking interactions – observed in (Hquino)2[Th(H2O)2Cl6]×H2O (Th–15). Cg2 = centroid 

formed from ring containing atoms C3, C4, C5, C6, C7, C8. 

Interaction Distance (Å)  
donor-acceptor  

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(1)-H --- O(3) 2.645(6) 161(4) - - 
intra 

O(2)-H --- Cl(3) 3.126(3) 103.1(17) - - 

O(2)-H --- Cl(2) 3.145(4) 152(2) - - 
O(3)-H --- O(4) 2.691(6) 170(4) - - 
O(4)-H --- O(2) 2.896(8) 177(4) - - 
O(4)-H --- Cl(4) 3.243(6) 178(5) - - 
N(1)-H --- Cl(2) 3.355(4) 165(4) - - 
N(2)-H --- Cl(1) 3.330(4) 137(3) - - 
N(2)-H --- Cl(2) 3.381(4) 141(3) - - 

Cg2 --- Cg2 - - 3.635(3) 22.4 
Cg2 --- Cg2 - - 3.728(3) 26.6 

 

G.21 Selected noncovalent interactions – such as hydrogen bonding, halogen–𝜋, C–H–𝜋, and 𝜋–
𝜋 stacking interactions – observed in [Th(H2O)4Cl4]×2(2-MePyH×Cl)×H2O (Th–16). Cg1 = 

centroid formed from ring containing atoms N1, C1, C2, C3, C4, C5. 

Interaction Distance (Å)  
donor-acceptor  

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(1)-H --- Cl(3) 3.127(2) 162(2) - - 
O(1)-H --- O(5) 2.665(3) 161(3) - - 
N(2)-H --- Cl(6) 3.347(6) 160 - - 
O(2)-H --- Cl(6) 3.069(2) 165(2) - - 
O(2)-H --- Cl(5) 3.103(2) 165(2) - - 
O(3)-H --- Cl(2) 3.219(2) 159(2) - - 
O(3)-H --- Cl(5) 3.043(2) 175(2) - - 
O(4)-H --- Cl(6) 3.072(2) 163(2) - - 
O(4)-H --- Cl(5) 3.122(2) 161(2) - - 
O(5)-H --- Cl(2) 3.201(3) 139(4) - - 
O(5)-H --- Cl(5) 3.118(3) 168(4) - - 
N(1)-H --- Cl(6) 3.161(2) 175.2(18) - - 
C(12)-H --- Cg1 - - 3.422(4) 13.05 
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G.22 Selected noncovalent interactions – such as hydrogen bonding, halogen–𝜋, C–H–𝜋, and 𝜋–
𝜋 stacking interactions – observed in [Th(H2O)4Cl4]×2(HPhen×Cl)×2H2O (Th–17). Cg1 = centroid 

formed from ring containing atoms N1, C1, C2, C3, C4, C5; Cg2 = centroid formed from ring 
containing atoms N2, C9, C8, C10, C11, C12; Cg3 = centroid formed from ring containing atoms C4, 

C5, C9, C8, C7, C6. 

Interaction Distance (Å)  
donor-acceptor  

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(1)-H --- Cl(3) 3.095(4) 169(4) - - 
O(1)-H --- O(3) 2.781(6) 173(7) - - 
O(2)-H --- Cl(1) 3.083(5) 156(4) - - 

intra 
O(2)-H --- Cl(2) 3.003(5) 100(4) - - 

O(2)-H --- Cl(3) 3.033(5) 128(4) - - 
O(3)-H --- Cl(3) 3.146(4) 170(6) - - 
O(3)-H --- Cl(3) 3.178(5) 173(5) - - 
N(2)-H --- O(3) 2.801(6) 151(6) - - 

intra 
N(2)-H --- N(1) 2.748(9) 108(4) - - 

Cg1 --- Cg2 - - 3.653(4) 22.8 
Cg1 --- Cg2 - - 3.691(4) 24.1 
Cg2 --- Cg3 - - 3.492(4) 15.2 
Cg2 --- Cg3 - - 3.508(4) 16.4 
Cg3 --- Cg3 - - 3.745(4) 25.7 

 

G.23 Selected noncovalent interactions – such as hydrogen bonding, halogen–𝜋, C–H–𝜋, and 𝜋–
𝜋 stacking interactions – observed in [Th(H2O)4Cl4]×2(H2Terpy×2Cl)×3H2O (Th–18). Cg1 = 

centroid formed from ring containing atoms N1, C1, C2, C3, C4, C5; Cg2 = centroid formed from 
ring containing atoms N2, C6, C7, C8, C9, C10; Cg4 = centroid formed from ring containing atoms 
N4, C16, C17, C18, C19, C20; Cg5 = centroid formed from ring containing atoms N5, C21, C22, C23, 

C24, C25. 

Interaction Distance (Å)  
donor-acceptor  

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(1)-H --- Cl(5) 3.100(4) 170(4) - - 
O(1)-H --- Cl(6) 3.141(4) 165(4) - - 

intra 
O(2)-H --- Cl(1) 2.939(4) 107(3) - - 

O(2)-H --- Cl(3) 3.405(3) 154(4) - - 
O(2)-H --- O(5) 2.639(5) 170(6) - - 
O(3)-H --- Cl(6) 3.055(4) 173(4) - - 
O(3)-H --- Cl(5) 3.066(4) 159(5) - - 

intra 
O(4)-H --- Cl(4) 3.045(4) 110(3) - - 

O(4)-H --- O(6) 2.676(5) 156(5) - - 
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G.23 (cont.)     

Interaction Distance (Å)  
donor-acceptor  

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(4)-H --- O(7) 2.669(7) 175(6) - - 
O(5)-H --- Cl(5) 3.245(7) 156(5) - - 
O(5)-H --- Cl(6) 3.176(4) 169(6) - - 
O(6)-H --- Cl(7) 3.097(4) 170(4) - - 
O(6)-H --- Cl(8) 3.160(4) 155(5) - - 
N(1)-H --- Cl(8) 3.026(5) 155(5) - - 

intra 
N(1)-H --- N(2) 2.678(7) 102(4) - - 

N(3)-H --- Cl(8) 3.083(6) 165(6) - - 
N(4)-H --- Cl(7) 3.101(6) 160(5) - - 

intra 
N(4)-H --- N(5) 2.662(7) 100(4) - - 

N(6)-H --- Cl(7) 3.059(5) 163(5) - - 
Cg1 --- Cg5 - - 3.884(3) 31.5 
Cg2 --- Cg4 - - 3.826(3) 30.3 

 

G.24 Selected noncovalent interactions – such as hydrogen bonding, halogen–𝜋, C–H–𝜋, and 𝜋–
𝜋 stacking interactions – observed in [Th(H2O)4Cl4]×2(4-ClPyH×Cl) (Th–19). Cg1 = centroid 
formed from ring containing atoms N1, C1, C2, C3, C2, C1; Cg2 = centroid formed from ring 

containing atoms N2, C4, C5, C6, C7, C8; Cg3 = centroid formed from ring containing atoms N2B, 
C4B, C5B, C6B, C7B, C8B. 

Interaction Distance (Å) 
donor-acceptor 

Angle (º) 
ÐD-H---A Cg---Cg (Å) b (º) 

O(1)-H --- Cl(3) 3.066(5) 173(2) - - 
N(1)-H --- Cl(2) 3.421(2) 129(2) - - 
N(1)-H --- O(1) 2.965(4) 143(5) - - 
O(2)-H --- Cl(1) 3.129(2) 154(2) - - 
O(3)-H --- Cl(3) 3.038(4) 174(3) - - 
O(3)-H --- Cl(3) 3.184(6) 165(2) - - 

Cg2 --- Cl(4) - - 3.615(5) 8.19 
Cg3 --- Cl(4) - - 3.417(7) 27.88 
Cg1 --- Cl(5) - - 3.586(5) 8.67 
Cg1 --- Cg2 - - 3.787(4) 11.3 
Cg1 --- Cg3 - - 3.548(6) 12.2 
Cg1 --- Cg3 - - 3.589(6) 18.4 
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G.25 Selected noncovalent interactions observed in Pu–20. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

N(1)-H --- Cl(3) 3.251(6) 157(7) 
N(1)-H --- O(1) 2.971(7) 152(7) 
O(1)-H --- Cl(1) 3.099(5) 165(7) 

 
G.26 Selected noncovalent interactions observed in Pu–21. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

O(1)-H --- Cl(2) 3.177(9) 159(7) 
N(2)-H --- Cl(4) 3.256(18) 132 
O(2)-H --- Cl(5) 3.158(11) 149(6) 
O(2)-H --- Cl(1) 3.180(9) 168(9) 
O(3)-H --- Cl(1) 3.156(12) 162(4) 
O(3)-H --- Cl(5) 3.164(10) 168(8) 
N(2)-H --- Cl(1) 3.552(14) 156 

 

G.27 Selected noncovalent interactions observed in Pu–22. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

O(1)-H --- Cl(1) 3.142(8) 139(7) 
O(1)-H --- Cl(5) 3.118(8) 163(9) 
O(2)-H --- Cl(4) 3.169(8) 128(6) 
O(2)-H --- Cl(5) 3.116(9) 159(7) 
O(3)-H --- Cl(3) 3.168(9) 161(10) 
O(3)-H --- Cl(5) 3.140(9) 144(11) 
O(4)-H --- Cl(2) 3.176(9) 158(10) 
O(4)-H --- Cl(5) 3.111(9) 163(6) 
O(5)-H --- Cl(1) 3.376(7) 128(10) 
N(2)-H --- Cl(4) 3.533(12) 159 

 

 
 

 
 

 
 

 



 292 

G.28 Selected noncovalent interactions observed in Pu–23. Cg1 = centroid formed from ring 
containing atoms N1, C1, C2, C3, C4, C5; Cg2 = centroid formed from ring containing atoms N2, 
C9, C8, C12, C11, C10; Cg3 = centroid formed from ring containing atoms C4, C5, C9, C8, C7, 

C6. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

Distance (Å), 
Cg---Cg b or γ (º) 

O(1)-H --- Cl(3) 3.27(2) 166(5) - - 
N(2)-H --- O(1B) 2.615(15) 168(3) - - 

intra 
N(2)-H --- N(1) 2.842(2) 102.7(16) - - 

N(2)-H --- O(1) 2.816(18) 170(3) - - 
Cl(1) --- Cg1 3.614(1) - - 17.20 
Cg1 --- Cg3 - - 3.872(1) 26.0 
Cg2 --- Cg2 - - 3.653(1) 21.7 
Cg2 --- Cg3 - - 3.639(1) 22.3 
Cg3 --- Cg3 - - 3.607(1) 16.5 

 
G.29 Selected noncovalent interactions observed in Pu–24. Cg1 = centroid formed from ring 

containing atoms N1, C1, C2, C3, C4, C13; Cg2 = centroid formed from ring containing atoms 
N2, C9, C8, C¬10, C11, C12; Cg3 = centroid formed from ring containing atoms C4, C6, C7, C8, 

C9, C13. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

Distance (Å), 
Cg---Cg b or γ (º) 

intra 
N(1)-H --- N(2) 2.728(14) 103(10) - - 

N(1)-H --- Cl(2) 3.270(11) 137(12) - - 
Cl(3) --- Cg1 3.675(6) - - 23.19 
Cg1 --- Cg2 - - 4.052(7) 31.7 
Cg2 --- Cg2 - - 3.623(7) 21.6 
Cg2 --- Cg3 - - 3.943(7) 25.6 
Cg2 --- Cg3 - - 3.857(7) 27.7 

 

G.30 Selected noncovalent interactions observed in Am–25. 

Interaction Distance (Å), 
D-H---A 

Angle (º), 
ÐD-H---A 

O(1)-H --- Cl(1) 3.149(2) 169(3) 
O(1)-H --- Cl(2) 3.202(2) 168(3) 
O(2)-H --- Cl(1) 3.174(3) 165(4) 
O(2)-H --- Cl(2) 3.187(2) 174(2) 
O(3)-H --- Cl(1) 3.178(2) 175(3) 
O(3)-H --- Cl(2) 3.247(2) 156(3) 

 



 293 

APPENDIX H: POLYHEDRAL REPRESENTATIONS OF SELECT COMPOUNDS 

 

 
H.1 Polyhedral representation of the 2D sheets in (PhenH)2PuIVCl6 (Pu–24). The 2D sheets are 
formed through 𝜋–𝜋 stacking interactions between Phen rings that propagate along the (011) plane 
by H-bonding and halogen–𝜋 interactions between Phen rings and PuIVCl62– units. Noncovalent 
interactions are shown as dashed lines. Hydrogen atoms have been omitted for clarity. Color code: 
PuIV, lilac polyhedra; Cl, green; N, dark blue; C, black. 

 
 

 
H.2 Illustration of AmIII(H2O)6Cl2]⋅Cl (Am–25). Hydrogen atoms of water molecules have been 
omitted for clarity. Color code: AmIII, pink polyhedra; O, red; Cl, green.     
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H.3 Supramolecular interactions in Ce–26. (a) As viewed down the z axis, graphical representation 
of K1 ordered around O3 bound to cluster with dashed lines showing two separate triangles (red 
and blue lines) formed from potassium atoms in the same plane. Lattices water molecules are 
shown in blue to separate them from bound oxygen atoms in red. (b) As viewed along the z axis, 
graphical representation of interactions formed by K1 and lattice water molecules (O2) as well as 
ligands decorating the surface of the cluster, thereby connecting adjacent clusters together. (c) As 
viewed between the x and y plane, graphical representation of K2 and K3 ordered around O13 
bound to cluster with purple dashed lines showing a parallelogram formed from potassium atoms 
in the same plane. (d) As viewed along the y and z plane, graphical representation of interactions 
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formed by K2 and K3 with ligands decorating the surface of the cluster, thereby connecting 
adjacent clusters together. Lines are drawn between these atoms to indicate the shortest 
K···OH2O/μ3-O and K···Cl distances. Color code: Ce, yellow, orange, salmon, banana polyhedral; 
K, purple (K1), pink (K2), light blue (K3); O, red; Cl, green. Hydrogen atoms have been omitted 
for clarity.  
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APPENDIX I: BOND VALENCE SUMMATIONS 

I.1 Bond valence summation of unique Ce atoms within Ce–26a using structural parameters (Rij 
and b) from Brese, N. E. and O'Keeffe, M. Acta Cryst. 1991, B47, 192-197. The valence between 
two atoms, i and j, was calculated using the equation νij = exp[(Rij-dij)/b) wherein Rij is the bond 
valence parameter, dij is the bond length between i and j, and b is a constant. The valence is highly 
dependent on (1) the bond length and (2) the bond valence parameters. There have been different 
parameters used for cerium; some are presented below to highlight the discrepancies in valence 
that can arise based on which set of parameters are used. All of the individual valences are summed 
to give the overall valence for a particular atom. Only Ce–26a is presented; given the near identical 
bond lengths in Ce–26b, the BVS is also nearly identical.  

 Ce1 Ce2 Ce3 Ce4 Ce5 Ce6 Ce7 

CeIV parameters 4.233 3.330 3.553 3.451 3.534 3.355 3.548 

CeIII parameters 5.309 4.643 4.892 4.812 4.865 4.677 4.885 

 
I.2 Bond valence summation of unique Ce atoms within Ce–26a using structural parameters (Rij) 
for Ce–O bonds from Rouhlac, P. L. and Palenik, G. J. Inorg. Chem. 2003, 42, 118-121 and 
structural parameters (Rij and b) for Ce–Cl bonds from Brese, N. E. and O'Keeffe, M. Acta Cryst. 
1991, B47, 192-197.   

 Ce1 Ce2 Ce3 Ce4 Ce5 Ce6 Ce7 

CeIV parameters 4.135 3.710 3.812 3.845 3.788 3.738 3.804 

CeIII parameters 5.044 4.281 4.646 4.437 4.623 4.313 4.641 

 
I.3 Bond valence summation of unique Ce atoms within Ce–26a using a structural parameter (Rij) 
that is intended for when the valence is not known (i.e. could be +3 or +4) for Ce–O bonds from 
Rouhlac, P. L. and Palenik, G. J. Inorg. Chem. 2003, 42, 118-121 and structural parameters (Rij 
and b) for Ce–Cl bonds from Brese, N. E. and O'Keeffe, M. Acta Cryst. 1991, B47, 192-197.   

 Ce1 Ce2 Ce3 Ce4 Ce5 Ce6 Ce7 

CeIV parameters 4.669 3.980 3.995 4.125 3.969 4.010 3.987 

CeIII parameters 4.823 3.980 4.441 4.125 4.422 4.010 4.438 
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APPENDIX J: X-RAY ABSORPTION NEAR EDGE STRUCTURE  

(XANES) SPECTROSCOPY DATA 

J.1 Inflection points and peak positions of Ce–26 as a function of time compared to the 
CeIIICl3·nH2O and (NH4)2CeIV(NO3)6 standards. 

Sample Inflection Point 
(eV) 

First Peak Maximum 
(eV) 

Second Peak Maximum 
(eV) 

CeIIICl3·nH2O 5724.8 5726.5 - 

(NH4)2CeIV(NO3)6 5727.6 5729.3 5737.9 
Ce–26 (t = 0 d) 5725.0 5726.6 5737.2 

Ce–26 (t = 1 d) 5724.6 5726.6 5737.1 
Ce–26 (t = 4 d) 5724.4 5726.4 5737.1 

 
J.2 Fit parameters for Ce–26. Peak positions and full-width half-maxima are fixed to values 
obtained from fits of the two standards and only the peak intensities are allowed to vary. Peak 
intensity is given as integrated area under the peak. 

Feature Energy (eV) FWHM (eV) Peak Intensity 

Edge step (orange) 5724.9 2.8 - 

Pseudo-voigt (blue) 5720.8 3.8 0.32 

Pseudo-voigt (purple) 5726.4 4.6 11.6 

Pseudo-voigt (green) 5728.9 3.8 0.58 

Pseudo-voigt (cyan) 5730.7 5.2 1.76 

Pseudo-voigt (brown) 5735.6 5.6 1.95 

Pseudo-voigt (pink) 5738.5 4.2 1.84 
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J.3 The Ce L3-edge spectra (room temperature) from Ce–26 (�), a model of the spectrum (red 
trace), and the functions used to generate that model (orange, blue, purple, green, cyan, brown and 
pink traces). 
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J.4 Ce L3-edge XAS spectra of Ce–26 collected at variable temperatures (7 K=blue; 80 K=orange; 
120 K=green; 205 K= red; room temperature=purple). Little change in the spectra indicate no 
temperature dependent behavior of this compound. 
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APPENDIX K: FLUORESCENCE DATA 

 
K.1 Excitation and emission spectra as a function of time of the reaction solution that yields Ce–
26. The spectra indicate the presence of CeIII in the initial reaction solution, with an emission 
signature around 365 nm, and the subsequent increase in fluorescence intensity as the reaction 
solution evaporates. This indicates an increase in the concentration of CeIII as a function of 
time/evaporation. CeIV does not have a fluorescence signature.     
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APPENDIX L: LICENSES AND PERMISSIONS 
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