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ABSTRACT 

Metal ion contamination is an ongoing global crisis that negatively affects human and 

environmental health. As a result, metal ion detection and remediation techniques are 

required. Nucleic acids are promising tools as biosensors for metal detection. Although 

nucleic acid sensors have been designed for some metal ions (e.g., Cs+, Pb2+), there are 

metal ion contaminants that require sensing and remediation for which no sensors 

currently exist. Specifically, with increasing mining and usage of lithium in lithium-

ion batteries, rising levels of lithium ions are present in the environment. To design 

nucleic acid sensing and remediation platforms, it is important to understand how metal 

ions interact with nucleic acids. Computer modeling can provide valuable insights into 

structural and binding information of metal–nucleic-acid interactions, thereby aiding 

the rational design of nucleic-acid-based sensing and remediation solutions for metal 

ions. This thesis uses different computational techniques, including ab initio 

(CCSD(T)/CBS), density functional theory (DFT), molecular dynamics (MD), and ab 

initio molecular dynamics (AIMD) to identify reliable methods to describe metal–

nucleic-acid interactions, understand how metal ions interact with nucleic acids, and 

explore modifications that can capture lithium. The information gained from this thesis 

lays the groundwork for designing a lithium-specific nucleic acid platform for lithium 

extraction, which can also support future development of a nucleic acid sensor for 

lithium. Additionally, insights gained can be applied to designing sensing and 

extraction platforms for other metal ions, and aid development of therapeutics and 

materials. 



v 
 

CONTRIBUTIONS OF AUTHORS AND PREFACE 

Chapters 2, 3, and 5 are published, and permissions to include these works in this thesis 

have been obtained from those publishers. 

Chapter 2 – Boychuk, B. T. A.; Jeong, R. Y. E; Wetmore, S. D.* Assessment of the 

Accuracy of DFT-Predicted Li+–Nucleic Acid Binding Energies. J. Chem. Theory 

Comput. 2021, 17 (8), 5392-5408. 

Chapter 3 – Boychuk, B. T. A.; Meyer, S. P.; Wetmore, S. D.* Generation of an 

Accurate CCSD(T)/CBS Data Set and Assessment of DFT methods for the Binding 

Strengths of Group I Metal–Nucleic Acid Complexes. Front. Chem. 2023, 11. 

Chapter 4 – Boychuk, B. T. A.; Meyer, S. P.; Wetmore, S. D.* Building a Data Set of 

Group II Metal–Nucleic Acid Interactions and Evaluating the Performance of Density 

Functional Theory Methods. Unpublished. 

Chapter 5 – Boychuk, B. T. A.; Wetmore, S. D.* Assessment of Density Functional 

Theory Methods for the Structural Prediction of Transition and Post-Transition Metal–

Nucleic Acid Complexes. J. Chem. Theory Comput. 2023, 19 (15), 5273-5288. 

Chapter 6 – Boychuk, B. T. A.; Wagner, L. W.; Lea, M. J.; Wetmore, S. D.* A DFT 

Investigation into the Structure and Strength of Hydrated Li+–Nucleic Acid 

Interactions. Unpublished.  

Chapter 7 – Boychuk, B. T. A.; Deak, T. K.; Wetmore, S. D.* Manipulating Metal 

Binding to Nucleic Acids Through Chemical Modification: A Molecular Dynamics 

Simulation Study of PNA. Unpublished. 



vi 
 

Chapter 8 – Boychuk, B. T. A.; Wetmore, S. D.* Investigating a Crown Ether–Nucleic 

Acid Adduct for Targeting Lithium: A Density Functional Theory and Ab Initio 

Molecular Dynamics Approach. Unpublished. 

For all projects, I was involved in project conceptualization, methodology, data 

curation, formal analysis, investigation, validation, visualization, and writing (original 

draft, and review and editing). S. D. Wetmore was involved in project 

conceptualization, methodology, project administration, formal analysis, funding 

acquisition, resources, supervision, and writing (reviewing and editing). The details 

outlining the contributions of calculations performed in each chapter are provided 

below. Chapters 5 and 8 are not discussed below since I conducted all calculations for 

those chapters. All published chapters have been reformatted according to thesis 

requirements. 

For Chapter 2, I performed all optimization, frequency, CCSD(T)/CBS, and XDM 

calculations. R. Y. E Jeong contributed to project investigation and data curation by 

carrying out most of the DFT single-point calculations, in addition to reviewing and 

editing the manuscript. For Chapter 3, I conducted all calculations, and S. P. Meyer 

carried out all data extraction and organization, as well as reviewing the manuscript. 

In Chapter 4, I performed all calculations, except for DFT calculations on complexes 

involving Be2+. S. P. Meyer performed single-point calculations using DFT methods 

on Be2+ complexes, and carried out data extraction and organization for all complexes. 

For Chapter 6, L. W. Wagner performed DFT calculations on the implicit and explicit 

data of Li+–G/P with 0 to 5 Li+-coordinated water molecules. I conducted implicit and 

explicit calculations of hydrated Li+ at all nucleobase sites. M. J. Lea carried out 

calculations on the hydrated Li+–WCF base pair complexes. For Chapter 7, T. K. Deak 



vii 
 

performed simulations on Li+–DNA systems for the GC-rich sequence in each salt 

concentration (100, 250, 500, and 750 mM). Generative AI was only used to suggest 

synonyms during the writing process. 



viii 
 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my supervisor, Dr. Stacey Wetmore for 

supporting my research interests and providing valuable insights. I have learned a great 

deal about scientific research from her and grown as a scientist under her supervision. 

Thank you to my committee members, Dr. Marc Roussel and Dr. Paul Hayes for your 

guidance, support, and valuable feedback over the years. I would also like to thank Dr. 

Michael Gerken for chairing my defense. I would like to express my gratitude to Dr. 

Georg Schreckenbach for serving as my external examiner and offering his valuable 

time to participate in my thesis defense. I greatly appreciate the funding from NSERC 

and the UofL that I have received over the course of my graduate journey, which 

allowed me to pursue this degree. 

 

Overall, my graduate journey has been shaped by the remarkable people I have had the 

privilege to work with. First, I want to thank the past students I collaborated with, 

including Rebecca Jeong, Luke Wagner, Mark Lea, Jackson Laurie, Brooklyn Palmer, 

Sarah Meyer, Megan Ryan, and Trinity Deak. Next, I would like to express how 

incredibly grateful I am to have worked with many amazing members of the lab, both 

past and present. Specifically, I would like to thank current and past post-doctoral 

fellows (Dr. Mohamed Aboelnga, Dr. Preethi Seelam, Dr. James McFarlane, Dr. Indu 

Negi, Dr. Austin Pounder, and Dr. Basel Mansour), graduate students (Priya Bhutani, 

Dr. Stefan Lenz, Dr. Katie Wilson, Nathania Takyi, Prakash Chukka, Cynthia 

Fonderson, Dr. Ryan Kung, Dr. Rajwinder Kaur, Rebecca Jeong, Dylan Nikkel, Makay 

Murray, Mark Lea, Angela Frederickson, Ridwan Tajudeen, and Umer Yaqoob). It has 



ix 
 

been an incredible experience working with all of you; thank you for the valuable 

insights over the years, the laughs, the fun, and the memories. 

 

Outside of lab, I was fortunate to have met some amazing people. Davinder Dhalla, 

Elizabeth Trofimenkoff, and Elaura Lilienthal, thank you all for your friendship and 

the fun times. I would also like to thank JT and Jin from Coffee Company, your coffee 

always tastes great and kept me going when I needed it most. I would also like to thank 

my Zumba (Gabrielle) and Interval Training (Elizabeth) instructors, you both kept my 

physical and mental health from collapsing. 

 

There are a few people who I would like to thank specifically. First, I would like to 

thank Dr. Preethi Seelam and Dr. Indu Negi for being strong lighthouses at shore for 

me, I am always appreciative of your insight and support. Rebecca Jeong and 

Rajwinder Kaur, words cannot even begin to describe how much our friendship over 

the years has meant to me, thank you for your kindness and support. 

 

To my family, my mother, thank you for your unwavering love and support of me over 

the years. Finally, to my partner, Edgar Schuldeis, thank you for joining me on this 

journey, always supporting my dreams, and your unconditional love. 

 



x 

 

TABLE OF CONTENTS 

Dedication...........................................................................................................................iii 

Abstract...............................................................................................................................iv

Contributions of Authors.....................................................................................................v 

Acknowledgements...........................................................................................................viii 

Table of Contents..................................................................................................................x 

List of Tables....................................................................................................................xvii 

List of Figures..................................................................................................................xviii 

List of Abbreviations........................................................................................................xxv 

Chapter 1: Introduction  

 1.1. General Overview……………………………………………………………..1 

 1.2. Metal Contamination……………..…………………………………….……..2 

 1.3. Nucleic Acids as Sensors……………..……………………………….………3 

 1.4. Nucleic Acid Structure………………….…………………………………….4 

 1.5. Chemical Modifications………………………..……………………………..7 

 1.6. Experimental Studies Investigating Metal–Nucleic Acid Interactions……….10 

 1.7. Computational Studies Investigating Metal–Nucleic Acid Interactions……..12 

  1.7.1. Ab Initio and Density Functional Theory Studies………………….12 

  1.7.2. Molecular Dynamics Simulations………………………………….14 

 1.8. Scope of Thesis………….………………………………….………………..15 

 1.9. References.......................................................................................................19 

Chapter 2: An Assessment of the Accuracy of DFT Predicted Li+–Nucleic Acid 

Binding Energies 

 2.1. Introduction………………………………………………………………….31 

 2.2. Computational Details……………..………………..………………...……..35 

 2.3. Results and Discussion……………..……………………………….……….40 

2.3.1. CCSD(T)/CBS Li+–Nucleic Acid Binding Positions and 

Strengths……………………………………………………………….…40 

2.3.2. The Accuracy of Counterpoise-Corrected DFT Li+–Nucleic Acid 

Binding Strengths………………………………………………………...43 

2.3.2.1. Double-Hybrid Functionals………….…………………...……...51 

2.3.2.2. Range-Separated Hybrids (RSH), RSH meta-Generalized Gradient 

Approximation (GGA), and RSH GGAs………..………………..……....51 

2.3.2.3. Global Hybrid (GH) meta-GGA………………………….……...52 



xi 

 

2.3.2.4. Global Hybrid (GH) GGA…….…………………….…….……...52 

2.3.2.5. Local meta-GGA…………...……………………….…….……...53 

2.3.2.6. Local GGA and Local Density Approximation (LDA)……….….53 

2.3.2.7. Dispersion Effects…….………………………………………….54 

2.3.2.8. Comparison Across Families……...……………………….…….56 

2.3.3. The Impact of Basis Sets on DFT Predicted Binding Strengths……58 

2.3.4. The Impact of Counterpoise Corrections on DFT Predicted Binding 

Strengths………………………………………………………………….60 

2.3.5. The Ability of DFT to Predict the Preferred Nucleobase and Phosphate 

Binding Locations…………………………………………….…………..62 

2.3.6. The Ability of DFT to Describe the Structure of Li+–Nucleic Acid 

Complexes…………………………………………………………….….65 

2.4. Conclusions………………………………………………………………….66 

2.5. References………………………………….………………………………..67 

Chapter 3: Generation of an Accurate CCSD(T)/CBS Data Set and Assessment of 

DFT Methods for the Binding Strengths of Group I Metal–Nucleic Acid Complexes 

 3.1. Introduction………………………………………………………………….81 

 3.2. Computational Methodology..……………………………………………….87 

3.3. Results and Discussion……...……………………………………………….88 

3.3.1. Generating a Highly Accurate CCSD(T)/CBS Data Set of Binding 

Strengths for Group I Metal–Nucleic Acid Complexes…………………...89 

3.3.2. Accuracy of DFT Methods for the Binding Strengths of Group I 

Metal–Nucleic Acid Complexes Involving Direct Coordination…………93 

3.3.2.1. Li+…….………………………………………………………….96 

3.3.2.2. Na+…………..…………………………………………………...99 

3.3.2.3. K+……………………….………………………………………102 

3.3.2.4. Rb+……………………………………………………………...104 

3.3.2.5. Cs+…………..………….………………………………………107 

3.3.2.6. Although the Top-Performing Functionals Can Vary with Metal, 

Some Methods Prevail as Being Reliable Across Group I……….……..108 

3.3.2.7. Impact of Counterpoise Corrections on Group I Metal–Nucleic Acid 

Binding Energies………………………….……………………………..111 

 3.4. Conclusions………………………………………………………………....112 



xii 

 

 3.5. References………………………………………………………………….113 

Chapter 4: Building a Data Set of Group II Metal–Nucleic Acid Interactions and 

Evaluating the Performance of Density Functional Theory Methods 

 4.1. Introduction………………………………………………………………...124 

 4.2. Computational Methodology……………………………………………….129 

 4.3. Results and Discussion… .…………………………………………………132 

4.3.1. Establishing the CCSD(T)/CBS Data Set Consisting of Group II 

Metal–Nucleic Acid Complexes………………………………………...132 

4.3.2. Evaluation of functional performance for reproducing CCSD(T)/CBS 

group II metal–nucleic acid binding strengths…………………………..135 

4.3.3. ωB97M-V is the most reliable functional for describing group I and 

II metal–nucleic acid binding strengths…………………………………136 

4.3.3.1. Double Hybrids……...………………………………………….142 

4.3.3.2. Range-Separated Hybrids………………………………………144 

4.3.3.3. Global-Hybrid meta-GGA…………………………………...…145 

4.3.3.4. Global-hybrid GGA…………………………………………….147 

4.3.3.5. Meta-GGA, GGA, and LDA………………………………....…148 

 4.4. Conclusions………………………………………………………………...151 

 4.5. References………………………………………………………………….152 

Chapter 5: Assessment of DFT Methods for the Structural Prediction of Transition 

and Post-Transition Metal–Nucleic Acid Complexes 

 5.1. Introduction…………………………………………………………...……163 

 5.2. Computational Methodology.………………………………………………167 

  5.2.1. Database Survey………………………………………………….167 

  5.2.2. Model Building…………………………………………………...169 

  5.2.3. Electronic Structure Calculations…………………………………170 

 5.3. Results and Discussion……………………………………………………..173 

5.3.1. Building a Structural Test Set of Metal–Nucleic Acid Complexes: 

Zn2+ and Mn2+–Nucleic Acid Interactions Dominate the PDB, While Cu+/2+ 

Interactions are Prominent in the CSD………………………………….173 

5.3.2. The Tested DFT Functionals Cannot Reproduce the Experimental 

Structure of Some Representative Metal–Nucleic Acid Complexes…….178 



xiii 

 

5.3.3. Accuracy of All-electron Gas-Phase DFT Predicted Structures of 

Metal–Nucleic Acid Complexes Varies with Metal and Functional…….183 

5.3.4. The Accuracy of Computed Structures Varies with the Metal 

Identity…………………………………………………………………..184 

5.3.5. The Most Reliable Functional for Metal–Nucleic Acid Complexes 

Can Vary with the Metal…………………………………………...…….187 

5.3.6. Multiple DFT Methods are Recommended for Accurate Structural 

Depiction of Diverse Metal–Nucleic Acid Complexes………………….190 

5.3.7. Inclusion of Implicit Water Minimally Refines Metal–Nucleic Acid 

Geometries………………………………………………………………194 

5.3.8. An ECP Negligibly Affects Metal–Nucleic Acid Geometries 

Regardless of Environment……………………………………………...196 

 5.4. Conclusions………………………………………………………………...198 

 5.5. References………………………………………………………………….199 

Chapter 6: A DFT Investigation into the Structure and Strength of Hydrated Li+– 

Nucleic Acid Interactions 

 6.1. Introduction……………………………………………………….…...……211 

 6.2. Computational Methodology……………………………………………….214 

 6.3. Results and Discussion……………………………………………………...217 

6.3.1. Although Implicit Solvent can Induce Structural Changes to Li+–G 

and Li+–P Complexes, the General Trends in Binding Strengths as a 

Function of Binding Site are Consistent in all Environments……………217 

6.3.2. Explicitly Hydrated Lithium Forms Direct and Hydrogen-Bond-

Mediated Contacts with Nucleic Acid Components, Impacting Both the 

Structures and Binding Strengths of Li+–Nucleic Acid Complexes…….220 

6.3.3. While Implicit Solvent Minimally Impacts the Structure of Explicitly 

Hydrated Li+–Nucleic Acid Complexes, the Broader Environment 

Significantly Affects the Thermodynamic Properties…………………...224 

6.3.4. Solvent Environment Significantly Affects the Structure and Binding 

Strengths of Li+–Nucleobase Interactions……………………………….226 

6.3.4.1. Hydrated Li+–purine interactions are influenced by water-

mediated contacts and steric accessibility, with consistent binding 

strength trends occurring regardless of number of Li+-bound waters 

in 1-bromopropane or water…………………………………….228 

6.3.4.2. WCF Base-Pairing Alters the Number of Available Nucleic 

Acid Binding Sites and Affects Structural and Binding Strengths of 



xiv 

 

Hydrated Li+–Nucleic Acid Complexes, with Solvent Effects 

Varying by Li+-Coordination Site…………………………….…229 

6.3.4.3. The Limited Accessibility to Binding Sites in GC Pairs 

Alters Hydrated Li+ Binding Preferences for G over C Compared to 

Isolated Nucleobases….…………………………………….…..231 

6.3.4.4. The Binding Strength Trends for AT and AU are Sensitive to 

the Implicit and Explicit Solvent Environment ….……………..233 

6.3.4.5. While Hydrated Li+ Binding to G in a Base Pair Remains 

Consistently the Strongest, Hydrated Li+ Interactions with AT or AU 

Reveal Subtle Differences in Structure and Binding Strength…..235 

 6.4. Conclusions………………………………………………………………...236 

 6.5. References………………………………………………………………….237 

Chapter 7: Manipulating Metal Binding to Nucleic Acids Through Chemical 

Modification: A Molecular Dynamics Simulation Study of PNA 

 7.1. Introduction…………………………………………………………...……244 

 7.2. Methodology…..……………………………………………………...……248 

  7.2.1. Model Preparation………………………………………………..248 

  7.2.2. MD Simulation Protocol………………………………………….249 

  7.3.3. MD Simulation Analysis………………………………………….250 

 7.3. Results……………………………………………………………………...251 

7.3.1. While the Major and Minor Grooves of DNA Exhibit Nearly 

Equivalent Na+ Binding, the Peptide Backbone of PNA Pushes Na+ Towards 

the Major Groove………………………………………………………..251 

7.3.2. Li+ is pushed to the O6 site of G in PNA…………………………..256 

7.3.3. At the Lowest Salt Concentration, PNA Structure is Less Sensitive to 

Metal Identity than DNA…………………………………………..……257 

7.3.4. Although the Preferred Binding Sites Remain Constant Regardless of 

Salt Concentration, the Structure of PNA Deviates Less than DNA in the 

Presence of Li+ Compared to Na+ Under Different Salt Concentrations.258 

7.3.5. Metal Binding to PNA is Sensitive to Sequence, with GC Pairs Being 

Favored………………………………………………………………….261 

 7.4. Discussion…………………………………………………………………..264 

7.4.1. Altering the charge by modifying the backbone in nucleic acids 

significantly affects metal distribution, paving the way for tuning nucleic 

acid function…………………………………………………………….265 



xv 

 

7.4.2. PNA demonstrates metal-specific behavior, with Li+ being localized 

at the O6 site of G, while Na+ is distributed across multiple binding sites.266 

7.4.3. PNA demonstrates less structural distortion than DNA in the presence 

of metals at varying salt concentration………………………………….268 

7.4.4. PNA demonstrates sequence-specific behavior in the presence of 

metals, with GC base pairs being preferred metal binding sites regardless of 

sequence………………………………………………………………...270 

 7.5. Conclusions………………………………………………………………...271 

 7.6. References………………………………………………………………….272 

Chapter 8: Designing a Crown Ether–Nucleic Acid Adduct for Targeting Lithium: A 

Density Functional Theory and Ab Initio Molecular Dynamics Approach 

 8.1. Introduction………………………………………………………………...281 

 8.2. Computational Methodology……………………………………………….285 

  8.2.1. Model Building…………………………………………………...285 

8.2.2. DFT Calculations…………………………………………………286 

8.2.3. AIMD simulations………………………………………………...287 

 8.3. Results and Discussion……………………………………………………..288 

  8.3.1. CE Strongly Binds to Li+ in Implicit Water……………….………288 

8.3.2. The CE-modified Nucleobase Binds to Li+ Stronger than the most 

Prominent Canonical Nucleobase Site (G(O6–N7))………………….…290 

8.3.3. The Opposing Nucleobase in a WCF Base Pair does not Alter the 

Stronger Binding Affinity of Li+ for CEC Compared to G……………..290 

8.3.4. AIMD Simulations Show that Li+ Remains Centered in the CE in 

Solvated Nucleoside Models.…………………………………….……..292 

8.3.5. The CE-modified Nucleobase is Accommodated within a Duplex of 

Canonical and Modified Nucleic Acids……………………..…………..296 

 8.4. Conclusions………………………………………………………………...298 

 8.5. References………………………………………………………………….299 

Chapter 9: Conclusions and Future Directions 

 9.1. Summary……………………………………………………………………305 

 9.2. Thesis Contributions………………………………………………………..305 

 9.3. Future Directions…………………………………………………………...312 

 9.4. Final Remarks………………………………………………………………317 



xvi 

 

 9.5. References………………………………………………………………….317 

Appendix A: Supplemental Information for Chapter 2...............................................320 

Appendix B: Supplemental Information for Chapter 3...............................................359 

Appendix C: Supplemental Information for Chapter 4...............................................382 

Appendix D: Supplemental Information for Chapter 5..............................................407 

Appendix E: Supplemental Information for Chapter 6...............................................461 

Appendix F: Supplemental Information for Chapter 7...............................................476 

Appendix G: Supplemental Information for Chapter 8...............................................505 

 

 

 



xvii 

 

LIST OF TABLES 

Table 2.1. DFT methods tested in this study for their ability to describe Li+–nucleic acid 

interactions……………………………………………………………………………….38 

Table 2.2. The percent error (PE), mean percent error (MPE) and average mean percent 

error (AMPE) across nucleic acid components and/or basis sets (kcal/mol) for Li+–

nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies………….46 

Table 2.3. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average 

mean unsigned errors (AMUE) and average root-mean squared errors (ARMSE) across 

nucleic acid components and/or basis sets (kcal/mol) for Li+–nucleobase and Li+–

phosphate counterpoise-corrected DFT binding energies………………………………...48 

Table 3.1. Functionals tested for their ability to describe group I metal–nucleic acid 

interactions……………………………………………………………………………….85 

Table 3.2. Functionals identified as the top performer(s) for each functional family (X) and 

the best overall (recommended) functionals (X*, bold) for directly coordinated group I 

metal–nucleic acid complexes……………………………………………………………98 

Table 4.1. Functionals tested in the present work for their ability to reproduce 

CCSD(T)/CBS group II metal–nucleic acid binding strengths………………………….131 

Table 4.2. Recommended functionals from each family according to the rungs of Jacob’s 

Ladder (X) and the most accurate functionals overall (X*, bold) for metal–nucleic acid 

complexes……………………………………………………………………………….139 

Table 6.1. BEs (kcal/mol) evaluated in 1-bromopropane and water for explicitly hydrated 

Li+–nucleobase (Li+–NA) and Li+–WCF nucleobase-pair (Li+–BP) with 3 or 5 

waters…………………………………………………………………….……………...229 

 



xviii 

 

LIST OF FIGURES 

Figure 1.1. A) The nucleotide component in nucleic acids, consisting of the phosphate 

moiety (B = bridging oxygens and NB = nonbridging oxygens), nucleobase, and sugar (R 

= H/OH in DNA/RNA). B) Complementary Watson-Crick-Franklin base pairs, where R = 

A:T (X = CH3) in DNA and A:U (X = H) in RNA.. ……………………….……..……….5 

Figure 1.2. Major and minor groove widths of DNA and RNA…………………….…….6 

Figure 1.3. Examples of nucleic acid sensors designed to target specific metals, namely the 

Cd2+-specific (Cd-2-1) aptamer (left), Pb2+-sensing (8–17) DNAzyme (middle), and K+-

specific thrombin binding aptamer (right), highlighting the structural diversity of nucleic 

acids and associated unique functions……………………………………………………..7 

Figure 1.4. Examples of chemical modifications that can be made to the nucleobases (top), 

sugar (middle), and backbone (bottom) that can impart new function with metals. The 

modifications outlined in the box have been studied with metals…………………………10  

Figure 2.1. Nucleobase and phosphate components considered in this study, with B = 

bridging and NB = nonbridging oxygens in the dimethyl phosphate model….…...……..34 

Figure 2.2. CCSD(T)/CBS//MP2/aug-cc-pVTZ characterized complexes between Li+ and 

the nucleobases (A, G, C, T and U) or dimethyl phosphate (P). Key structural features (Å 

and degrees), including bond lengths and angles for direct coordination and metal–centroid 

distance for cation–π contacts are provided. Half-and-half counterpoise-corrected binding 

energies [square bracket] and relative energies for a given nucleic acid component 

(parenthesis) are provided (kcal/mol)…………………………………………………….43  

Figure 2.3. Signed errors (kcal/mol) for counterpoise-corrected DFT binding energies of 

the most stable Li+–nucleobase and Li+–phosphate complexes, where negative values (red 

shades) represent over binding relative to CCSD(T)/CBS reference values….…………..45 

Figure 2.4. MPEs for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT 

binding energies evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and 

def2-TZVPP (blue) basis sets relative to CCSD(T)/CBS reference values………………54 

Figure 2.5. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate counterpoise 

and dispersion-corrected DFT binding energies relative to CCSD(T)/CBS reference 

values……………………………………………………………………………………..56 

Figure 2.6. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate counterpoise 

corrected DFT binding energies relative to CCSD(T)/CBS reference values arranged in 

ascending order of accuracy within families……………………………………………..58 

Figure 2.7. AMPEs as a function of the Dunning basis set size for Li+–nucleobase and Li+ 

phosphate counterpoise-corrected DFT binding energies relative to CCSD(T)/CBS 

reference values…………………………………………………………………………..60 

Figure 2.8. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate DFT binding 

energies with (dark purple) and without (light purple) counterpoise corrections included 

relative to CCSD(T)/CBS reference values……………………………………………….61 



xix 

 

Figure 2.9. AMPEs across the favored nucleic acid coordination sites (dark purple), other 

(nonpreferred) coordination sites (medium purple), all coordination sites (light purple), 

only cation–π interactions (dark blue) and all binding locations (including cation–π, 

medium blue) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding 

energies evaluated with the aug-cc-pVTZ basis set relative to CCSD(T)/CBS reference 

values……………………………………………………………………………………..64 

Figure 2.10. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc pVTZ 

binding energies (BE) for all Li+–nucleobase and Li+–phosphate complexes…………….65 

Figure 3.1. Group I metals and nucleic acid components considered in this study. Structure 

and chemical numbering provided for nucleic acid components (B = bridging and NB = 

nonbridging oxygen in the dimethyl phosphate model)……………………….………….85 

Figure 3.2. CCSD(T)/CBS//MP2/def2-TZVPP characterized complexes between group I 

metals and the nucleobases (A, G, C, T, and U) or dimethyl phosphate (P). The relative 

energies for a given metal–nucleic acid component combination (parentheses) are provided 

in kcal/mol and colored according to metal identity (Li+ (red), Na+ (orange), K+ (blue), Rb+ 

(green), and Cs+ (purple)). The CCSD(T)/CBS binding strengths and MP2/def2-TZVPP 

coordination distances are provided in Tables B.1 and B.2 in Appendix B…………...….90 

Figure 3.3. Percent errors (%) in DFT binding energies of group I metal–nucleic acid 

complexes calculated relative to CCSD(T)/CBS reference values, with small errors shown 

as dark blue shades and large errors highlighted by red shades………………………….95 

Figure 3.4. Boxplot of the percent errors (%) in Li+ or Na+–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta)………………………….….…………101 

Figure 3.5. Boxplot of the percent errors (%) in K+–nucleic acid DFT binding energies 

relative to CCSD(T)/CBS reference values, with the functionals sorted according to double-

hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta GGA (blue), 

GGA (purple), and LDA (magenta)………………………………………………..……102 

Figure 3.6. Boxplot of the percent errors (%) in Rb+ or Cs+–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta)…………………..……………………106 

Figure 3.7. Boxplot of the percent errors (%) for group I metal–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta)…………………..……………………110 

Figure 4.1. Metals and nucleic acid components investigated. Atom numbering and 

abbreviations for the binding sites (B = bridging and NB = non-bridging within the 

phosphate moiety) are included for clarity………………………………………………129 

Figure 4.2. Combined CCSD(T)/CBS data set of group I and II metal–nucleic acid 

complexes. All relative energies (kcal/mol) are reported with group I (GI) values in the first 



xx 

 

column and group II (GII) values in the second column, which are listed in descending 

order of atomic size. Coordination distances for group I metal–nucleic acid interactions are 

available in previous work, while coordination distances for group II–metal nucleic acid 

interactions are available in Table C.1 in Appendix C…………………………………...134 

Figure 4.3. Boxplot of the percent errors (%) for group I metals (top), group II metals 

(middle), and group I and II metals (bottom). Each color represents a functional family 

according to the rungs of Jacob’s Ladder. The boxplot for group I metal nucleic acid 

interactions was obtained from our previous study……………………..……………....140 

Figure 4.4. Performance of each functional for describing each group II metal–nucleic acid 

binding strength compared to CCSD(T)/CBS reference values, reported as percent errors 

(%)………………………………………………………………………………………142 

Figure 4.5. Boxplot of the percent errors (%) for the double-hybrid family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal………………….144 

Figure 4.6. Boxplot of the percent errors (%) for the range-separated hybrid family with 

respect to CCSD(T)/CBS reference values grouped according to group II 

metal…………………………………………………………………………………….145 

Figure 4.7. Boxplot of the percent errors (%) for the global hybrid meta-GGA family with 

respect to CCSD(T)/CBS reference values grouped according to group II 

metal…………………………………………………………………………………….146 

Figure 4.8. Boxplot of the percent errors (%) for the global hybrid GGA family with respect 

to CCSD(T)/CBS reference values grouped according to group II metal………….…...148 

Figure 4.9. Boxplot of the percent errors (%) for the meta-GGA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal…………………149 

Figure 4.10. Boxplot of the percent errors (%) for the GGA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal………………….150 

Figure 4.11. Boxplot statistics of the percent errors (%) for the LDA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal………………….151 

Figure 5.1. Models of the 53 representative transition and post-transition metal–nucleic 

acid complexes from the PDB and CSD investigated in the present work. The 12 crystal 

structures highlighted in blue are analyzed separately due to the inability of any functional 

to reproduce the experimental geometry. Enlarged versions of the models shown in Figure 

1 are available in Appendix D (Figures D.1–D.2)……………………………………….167 

Figure 5.2. A) Metal distribution across all nucleic acid complexes in the PDB with 

resolution < 2.5 Å (824 structures). ‘Other’ represents the combined total of V2+/3+/4+/5+, 

Cr2+/3+/4+, Au+/3+, and Pb2+. B) Metal distribution across all complexes involving 

purine/pyrimidine mimics in the CSD (1506 structures). ‘Other’ represents the combined 

total of V2+/3+/4+/5+ and Cr2+/3+/4+. Distribution of C) metals and D) nucleic acid ligands 

across the 53 complexes in our test set. Mixture represents a combination of purine(s), 

pyrimidine(s), and/or phosphate moieties……………………………………………….174 



xxi 

 

Figure 5.3. All-heavy-atom root-mean-square-deviations (RMSDs, Å) from all-electron 

gas-phase DFT optimizations relative to crystal structure references for the 52-

representative metal–nucleic acid complexes considered in the present work. White 

indicates no deviation (RMSD = 0.000 Å) from the crystallographic reference, while the 

shade of blue deepens with increased deviation (dark blue corresponds to RMSD > 1.5 Å). 

5WSQ is excluded due to a significant change in the metal coordination site across all 

functionals. The crystal structures highlighted in blue are analyzed separately…………179 

Figure 5.4. Overlays of DFT geometries from all-electron gas-phase (orange) and implicit 

water (cyan) calculations relative to the reference crystal structure (green) for Ag+ (5AY2) 

and Pb2+ (6A85) nucleic acid complexes (constraints were used for the Pb2+ complex in 

both environments), highlighting that implicit water and/or constraints improves the 

structural description of metal–nucleic acid complexes. Coordination distances are 

provided in Å……………………………………………………………………………180 

Figure 5.5. All-heavy-atom average root-mean-square-deviations (ARMSDs, Å) across 20 

functionals and all complexes relative to crystal structure references for each metal from 

all-electron gas-phase optimizations…………………………………………………….186 

Figure 5.6. Inner-shell average root-mean-square-deviations (ARMSDs, Å) across all 

complexes relative to crystal structure references for each metal and functional from all-

electron gas-phase optimizations………………………………………………………..188 

Figure 5.7. All-heavy-atom A) average root-mean-square-deviations (ARMSDs, Å) and B) 

max RMSDs (Å), and inner-shell C) mean percent errors (MPE, %) and D) max PEs (%) 

across all complexes relative to crystal structure references for each functional from all-

electron gas-phase optimizations………………………………………………………..191 

Figure 5.8. Differences in the inner-shell mean percent errors (MPE, %) from all-electron 

gas-phase and implicit water optimizations relative to crystal structure references. Values 

represent implicit water minus gas-phase data, with white indicating no change between 

the gas-phase and implicit water results, blue being a reduction in errors, red representing 

an increase in errors upon inclusion of water, and deeper shades of color representing 

greater deviations………………………………………………………………………..195 

Figure 5.9. All-heavy-atom average root-mean-square-deviations (ARMSDs, Å) from gas-

phase and implicit water A) all-electron and B) ECP optimizations relative to crystal 

structure references……………………………………………………………………...196 

Figure 6.1. (A) Structure and chemical numbering of nucleic acid components considered 

in this study with R representing the ribose in DNA/RNA, (B = bridging and NB = non-

bridging oxygen in the dimethyl phosphate model). (B) The Watson-Crick-Franklin (G:C 

and A:T) base pairs……………………………………………………………………...217 

Figure 6.2. BEs (kcal/mol) for Li+ binding to (A) G or (B) P in different dielectric 

mediums.……………………………………………………………………………......220 

Figure 6.3. Key coordination distances (Å) in explicitly hydrated Li+–G complexes in the 

gas phase (blue) and implicit water (orange) involving (A) 0 to 2 waters with bidentate Li+–

G(O6–N7) coordination, (B) 3 to 5 waters with monodentate Li+–G(N7) coordination, and 



xxii 

 

(C) 3 to 5 waters with monodentate Li+–G(O6) coordination. Full structural information on 

hydrated Li+–G complexes are provided in Appendix E (Figure E.2)…………………..222 

Figure 6.4. K Key coordination distances (Å) in explicitly hydrated Li+–P complexes in 

the gas phase (blue) and implicit water (orange) involving 0 to 5 waters with a transition 

from bidentate (Li+–P(2NB)) to monodentate (Li+–P(1NB)) coordination. Full structural 

information on hydrated Li+–P complexes are provided in Appendix E (Figure E.3)…....222 

Figure 6.5. BEs (kcal/mol) for Li+ binding to G(N7) (A), G(O6) (B), or P(2NB) (C) in the 

gas phase (blue) and implicit water (orange) involving 0 to 5 waters……………………224 

Figure 6.6. Structures and BEs (kcal/mol) of explicitly hydrated Li+–nucleobase 

interactions involving 3 waters. Full structural information on hydrated Li+–nucleobase 

complexes are provided in Appendix E (Figure E.5)…………………………………….227 

Figure 6.7. Structures and BEs (kcal/mol) of explicitly hydrated Li+–nucleobase 

interactions involving 5 waters. Full structural information on hydrated Li+–nucleobase 

complexes are provided in Appendix E (Figure E.6)…………………………………….228 

Figure 6.8. Structures and BEs (kcal/mol) of explicitly hydrated Li+–base pair interactions 

involving 3 waters. Full structural information on hydrated Li+–base pair complexes are 

provided in Appendix E (Figure E.7)……………………………………………………230 

Figure 6.9. Structures and BEs (kcal/mol) of explicitly hydrated Li+–base pair interactions 

involving 5 waters. Full structural information on hydrated Li+–base pair complexes are 

provided in Appendix E (Figure E.8)……………………………………………………231 

Figure 7.1. (A) 3D structure as well as nucleobase and backbone subcomponents of DNA 

(left) and PNA (right), and (B) the defined major and minor grooves for GC-rich and AT-

rich Watson-Crick-Franklin base pairs………………………………………………….248 

Figure 7.2. 3D density plots of the total metal binding distributions of (A) Na+ and (B) Li+ 

to DNA (left) and PNA (right) in 100 mM for the GC-rich (5′-GGCATCGG-3′) and AT-rich 

(5′- AATGCTAA-3′) sequences…………………………………………………………252 

Figure 7.3. The average normalized (A) Na+ and (B) Li+ binding events (%) within 5 Å 

(total) of the backbone or each nucleobase in DNA (striped) or PNA (solid) in 100 mM of 

NaCl or LiCl…………………………………………………………………………….253 

Figure 7.4. Radial distribution function (RDF) for (A) Na+ or (B) Li+ distance from all 

possible backbone (red) or nucleobase (black) binding sites in DNA or PNA…………254 

Figure 7.5. The average normalized (A) Na+ or (B) Li+ binding events (%) within 3 Å to 

each nucleobase site in the major and minor grooves of DNA (striped) or PNA (solid) in 

100 mM of NaCl or LiCl………………………………………………………………..255 



xxiii 

 

Figure 7.6. Deviations (°, left, and Å, right) in the nucleic acid structural parameters when 

Na+ or Li+ interacts with DNA or PNA in 100 mM of NaCl or LiCl relative to the 

corresponding duplex in the absence of salt…………………………………………….258 

Figure 7.7. The average normalized (A) Na+ or (B) Li+ binding events (%) within 3 Å to 

each nucleobase site in the major and minor grooves of DNA (striped) or PNA (solid) in 

100 or 750 mM of NaCl or LiCl…………………………………………………………261 

Figure 7.8. The average normalized Na+ or Li+ binding events (%) within 3 Å of (A) DNA 

or (B) PNA to each binding site of the nucleobases within the major and minor grooves of 

a GC- (solid) or AT-rich (striped) sequence in 100 mM of NaCl or LiCl……………….264 

Figure 8.1. Schematic outlining the general computational workflow in the present work, 

with calculations performed on models of (a) CE, (b) CEC and G, (c) CECBP (A shows Li+ 

positioned at the crown ether center and B shows Li+ bound to G(O6–N7) and (d) CECBP, 

CECNBP, or CECPBP. DFT calculations were performed on parts (a) to (c) to elucidate 

structural and binding information, while AIMD simulations were carried out on part (d) 

for the CECNBP model to provide insights into the dynamics of these complexes. See 

Figure G.1 in Appendix G for a diagram of the nucleoside and peptide connection in the 

CECNBP and CECPBP models…………………………………………………………285 

Figure 8.2. DFT-optimized Li+–CE complex in implicit water. The numbering of the 

oxygen atoms shown here is consistently used throughout our analysis………………..290 

Figure 8.3. DFT-optimized structures in implicit water of nucleobase models with (a) Li+ 

interacting at the CE center (left) or G(O6–N7) (right), and base pair models of (b) Li+–

CEC (left) and Li+–G(O6–N7) (right). Distances and binding energies are reported in 

angstrom (Å) and kcal/mol.…………………………………………………………..…292 

Figure 8.4. AIMD-simulated Li+–CECNBP complex showing (a) the structure of the 

dominant 5-coordinate complex and (b) the distance (Å) between each oxygen within the 

CE and Li+ as a function of frame……………………………………………………..…294 

Figure 8.5. Li+ coordination number over each AIMD-simulated frame for Li+–CECNBP. 

The calculated average coordination number over each simulation is shown in the bottom 

right-hand corner. Example snapshots of Li+–CECNBP interactions from different frames 

are provided below, in addition to average coordination distances (Å) between Li+ and CE 

and average WCF hydrogen bond distances over the selected frame……………………294 

Figure 8.6. AIMD-simulated Li+–CECNBP complex showing (a) the structure of the 

dominant 4-coordinate complex and (b) the distance (Å) between O6 or N7 in G and Li+ as 

a function of frame……………..……………………………….……………………….295 

Figure 8.7. Li+ coordination number over each AIMD-simulated frame for Li+–G(O6–N7) 

in the CECNBP model. The calculated average coordination number over each simulation 

is shown in the bottom right-hand corner. Example snapshots of Li+–G(O6–N7) 

interactions in the CECNBP model from different frames are provided below, in addition 

to coordination distances (Å) between Li+ and O6–N7 and surrounding waters, and the 

average WCF hydrogen bond distances over the selected frame are provided…………..296 



xxiv 

 

Figure 8.8. GFN2-xTB-optimized structure of a CE-modified DNA duplex in implicit 

water…………………………………………………………………………………….297 

Figure 9.1. Optimized duplex structures of DNA (left) and PNA (right) with the  

Li+-specific crown ether incorporated into C……………………..…………………….315 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxv 
 

LIST OF ABBREVIATIONS 

2D-IR  two-dimensional infrared spectroscopy 

A  adenine 

AIMD  ab initio molecular dynamics 

ALS  amyotrophic lateral sclerosis 

AMPE  average mean percent error 

AMUE  average mean unsigned error 

ARMSD average root-mean-squared deviation 

ARMSE average root-mean-squared error 

B  bridging 

BE  binding energy 

BJ  Becke–Johnson 

BSSE  basis set superposition error 

C  cytosine 

CBS  complete basis set limit 

CCSD(T) coupled cluster with singles, doubles, and perturbative triples 

CE  crown ether 

CEC  crown ether cytosine 

CECBP crown ether cytosine base pair model 

CECNBP crown ether cytosine nucleoside base pair model 

CECPBP crown ether cytosine peptide base pair model 

CI  Configuration Interaction 

CPCM  conductor-like polarizable continuum model 

CSD  Cambridge structural database 

DFT  density functional theory 

DNA  deoxyribonucleic acid 

DZ  double-zeta 



xxvi 
 

ECP  effective core potential 

FOD  fractional occupation number weighted density 

G  guanine 

GGA  general gradient approximation 

GH  global hybrid 

HF  Hartree–Fock 

IEF-PCM integral equation formulism-polarizable continuum model 

IRMPD infrared multiple photon dissociation 

LDA  local density approximation 

Lithium lithium ion 

LNA  locked nucleic acid 

Max  maximum 

Metal  metal ion 

MD  molecular dynamics 

miRNA microRNA 

MM  molecular mechanics 

MPE  mean percent error 

MUE  mean unsigned error 

NB  non-bridging 

NFOD  number of fractional occupation differences 

NL  nonlocal 

NMR  nuclear magnetic resonance 

P  phosphate moiety 

PE  percent error 

PDB  protein data bank 

PNA  peptide nucleic acid 

PNA-FISH PNA probe coupled with fluorescence in situ hybridization 



xxvii 
 

QM  quantum mechanics 

QZ  quadruple-zeta 

RDF  radial distribution function 

RMSD  root-mean-square deviation 

RMSE  root-mean-square error 

RNA  ribonucleic acid 

RSH  range-separated hybrid 

SELEX systematic evolution of ligands by exponential enrichment 

SDD  Stuttgart Dresden 

T  thymine 

TCID  threshold collision-induced dissociation 

TMP  trimethyl phosphate 

TEP  triethyl phosphate 

TZ  triple-zeta 

U  uracil 

UE  unsigned error 

VV10  Vydrov and Van Voorhis 

WCF  Watson-Crick-Franklin 

XDM  exchange-hole dipole moment 

ZORA  zeroth-order regular approximation 



1 
 

Chapter 1: Introduction 

1.1. General Overview 

Metal ion (simply referred to as ‘metal’ throughout this thesis) contamination is an 

ongoing global challenge that negatively affects our health and environment. Therefore, it 

is important to develop metal detection and extraction techniques to monitor and remediate 

metal contamination. Among metals, lithium is an emerging contaminant in the 

environment, largely due to the production and disposal of lithium-ion batteries.1 Nucleic 

acid sensing and extraction platforms are an attractive green onsite measurement technique 

for detecting and remediating metals.2 Many nucleic acid sensing platforms have been 

designed to date.2-4 However, there remains limitations with some sensors, primarily due 

to metal competition effects,2, 5 structural instability in different environments,6 and 

inability to pass through cellular membranes to sense metal contaminants in the cell.2, 5, 6 

Furthermore, there are challenges with the design process of nucleic acid sensors such as 

tuning the binding affinity of sensors for high sensitivity and selectivity,2, 7 which is largely 

due to limitations in our understanding of how metals interact with nucleic acids. While 

there have been an abundance of experimental studies exploring metal–nucleic acid 

interactions,8-12 gaps remain in the literature on the structural and binding interactions 

between metals and specific nucleic acid binding sites, with these limitations also extending 

to lithium. To address these gaps in the literature, computational modeling can provide 

atomic-level insights into structural and energetic information about metal–nucleic acid 

interactions, which have been otherwise challenging to obtain experimentally. This thesis 

uses computer modeling to understand how a broad range of metals interact with nucleic 

acids, an provide direction on the rational design of a nucleic acid extraction platform to 
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target lithium, with the potential to extend this platform into developing a future lithium 

sensor.  

 

1.1. Metal Contamination 

Metals are of indispensable value to our lives due to their utilization in biology, 

materials, and biotechnologies. In biology, metals are required by many proteins as co-

factors to aid protein folding and maintain proper function in biological processes such as 

catalyzing chemical reactions within the body.13 For example, Zn2+ is required to fold zinc 

finger proteins, which play important roles in gene regulation,14 while Mg2+ or Mn2+ is 

required by some endonucleases to catalyze phosphodiester bond cleavage to repair 

damaged DNA.15 In materials, nucleic acid–metal composites have been constructed as 

green catalysts.16 In biotechnologies, a nucleic acid nanoarchitecture that enhances 

antibiotic efficiency for treating tuberculosis is formed through Fe2+-assisted coordination-

driven assembly.17 

Although metals are important in these different areas, excess levels of metals 

contaminate the environment through industrial processes, such as mining, battery 

manufacturing, and agricultural activities.18, 19 As a result, metals can bioaccumulate in 

ecosystems, our food sources, and the human body, leading to adverse effects on the 

environment and human health. Excess levels of metals in the environment can disrupt 

ecosystems by altering redox activity,20 reducing microbial and plant growth,20 as well as 

causing deformities and organ damage in organisms.21 Plants are particularly susceptible to 

lithium toxicity, which reduces water retention and cellular membrane integrity.22 In 

humans, an overabundance of metals can cause neurological disorders,19, 23, 24 renal 
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dysfunction,23, 24 cardiovascular disease,23, 24 and various cancers.19, 23, 24 As a particular 

example, high concentrations of lithium in the body can result in renal and cerebellar 

dysfunction.25 Since metal contamination negatively affects human and ecosystem health, 

metal detection and extraction platforms are required for metal contaminants and serve as 

an extraction method for environmental remediation. Nucleic acids are a viable solution for 

developing metal sensing and extraction technologies, which are discussed in more detail 

in the next section. 

 

1.3. Nucleic Acids as Metal Sensors 

Metal sensing platforms are useful analytical tools that provide a cost-effective 

complement to current instrumental techniques (e.g., atomic absorption spectroscopy and 

inductively coupled plasma mass spectrometry) for detecting metal contaminants in the 

human body, our food sources, and drinking water. There have been various types of metal 

sensing platforms developed using metal-organic frameworks, proteins, or antibodies.26-28 

However, most of these approaches experience limitations, such as complicated syntheses 

procedures, low sensitivity or specificity, and a narrow range of environmental conditions 

where the material remains functional. Alternatively, nucleic acids offer several advantages 

as metal sensing and extraction platforms, which include high specificity for metals, 

multiple binding sites, high structural stability, and ease of chemical modification.2, 29 

Additionally,  nucleic acids consist of chemically diverse structural components, which 

enable the formation of unique 3D structures that can create metal-specific binding 

pockets.2  
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Several experimental studies have worked towards designing nucleic acid sensors 

to detect metals, primarily using the systematic evolution of ligands by exponential 

enrichment (SELEX).30, 31 While multiple sensors have been designed to detect metals (e.g., 

Cs+, Pb2+, Hg2+),30 there are drawbacks with existing sensors, including limited specificity 

for a given metal and difficult to isolate high-quality nucleic acid probes.2, 7 For example, 

a nucleic acid sensor was developed to selectively bind Mg2+ over a strong competitor 

(Pb2+), but this sensor experiences interference in the presence of Ca2+.2 Another nucleic 

acid sensor initially identified to be specific for Pb2+ also shows activity in the presence of 

other metals such as Zn2+ and Mg2+.2, 32 Although many studies have exploited nucleic acids 

for metal sensing,2 these platforms can be tuned and utilized for metal capture, aiding 

environmental remediation efforts. Understanding how the structures of nucleic acids are 

impacted by the presence of metals can provide insights that can guide the rational design 

of nucleic acid sensing and extraction platforms for specific metal capture. The subsequent 

section discusses nucleic acid structures that enable diverse functionality for metal–nucleic 

acid sensors. 

 

1.4. Nucleic Acid Structure 

Nucleic acids are biomolecules that consist of long chains of repeating subunits 

called nucleotides. Nucleotides are composed of three basic components: a negatively 

charged phosphate backbone, a sugar, and a nitrogenous base (nucleobase). The sugar is 

deoxyribose in DNA or ribose in RNA. There are four canonical nucleobases, with three 

found in both DNA and RNA, namely adenine (A), guanine (G), and cytosine (C), while 

the fourth nucleobase is thymine (T) in DNA and uracil (U) in RNA (Figure 1.1). These 
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nucleobases can form complementary pairs through Watson-Crick-Franklin hydrogen 

bonding (G:C and A:T in DNA or A:U in RNA) to create different types 3D architectures. 

In nature, canonical DNA forms a double-stranded duplex, while RNA typically exists in 

the single-stranded form, with complementary base pairing resulting in folding of RNA into 

structures such as hairpins and loops. There are two grooves in DNA duplexes, known as 

the major and minor groove (Figure 1.2), with the major groove width being wider (~12 

Å), and the minor groove width being narrower (~6 Å). In contrast, the major groove in 

RNA duplexes is narrower (~4 Å), while the minor groove is wider (~11 Å).33-35 

 

Figure 1.1. A) The nucleotide component in nucleic acids, consisting of the phosphate 
moiety (B = bridging oxygens and NB = nonbridging oxygens), nucleobase, and sugar (R 
= H/OH in DNA/RNA). B) Complementary Watson-Crick-Franklin base pairs, where R = 
A:T (X = CH3) in DNA and A:U (X = H) in RNA. 
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Figure 1.2. Major and minor groove widths of DNA and RNA. 

 

The structural components in nucleic acids permit the formation of unique structural 

motifs with specialized functions. For example, RNA contains a 2′-OH group on the sugar 

subunit, which permits RNA to fold into diverse structures (e.g., pseudoknots, loops, or 

hairpins) that are utilized in gene expression, pharmaceuticals, and biosensing.36-38 

Although DNA typically adopts a duplex formation, double-stranded DNA can form four-

way junctions that have been employed as logic gates for cancer detection and as 

therapeutics.39 DNA can also form hybrid duplexes with RNA to yield functional nucleic 

acids like DNAzymes40 and aptamers,41 which can be used as biosensors or therapeutics to 

treat diseases.4, 40, 41 For example, the L-shaped fold of the 8–17 DNAzyme (Figure 1.3) 

permits Pb2+ binding with greater specificity than other divalent metals.42 Another example 

is the Cd2+-specific aptamer (Figure 1.3), which contains a binding loop that adopts a 

compact and double-twisted arrangement.43 Nucleic acids can also assemble into G-

quadruplexes (Figure 1.3) that are stabilized by K+, with G-quadruplexes adapted as sensors 
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for targeting K+.44 Overall, the folding patterns and single-stranded or double-stranded 

nature of nucleic acids, which are influenced by variations in the backbone, nucleobases, 

and sugar, result in unique functions, highlighting the potential nucleic acids have towards 

developing biosensing and extraction platforms with enhanced metal specificity.  

 

Figure 1.3. Examples of nucleic acid sensors designed to target specific metals, namely the 
Cd2+-specific (Cd-2-1) aptamer (left), Pb2+-sensing (8–17) DNAzyme (middle), and K+-
specific thrombin binding aptamer (right), highlighting the structural diversity of nucleic 
acids and associated unique functions. 

 

1.5. Chemical Modifications 

The functionality of metal–nucleic acid sensors can be further enhanced by 

introducing chemical modifications to the backbone, nucleobase, or sugar (Figure 1.4). 

Chemical alterations of nucleic acids can change the metal binding environment. For 

example, addition of bulky hydrophobic groups can influence stacking interactions and 

hydrogen bonding with surrounding nucleotides to create metal-specific pockets.45 There 

are various modifications that can be introduced that range from small (e.g., 2′-fluoro, 2′–

OMe, phosphorothioate) to large (e.g., O6-pyridyloxobutyl guanine, 3-fluoro-6-



8 
 

methylaniline) alterations (Figure 1.4), each yielding unique functional outcomes, such as 

catalysis or specific binding depending on the modification type and attachment site.46-48 

For example, a phosphorothioate modification to the backbone in the Ce13d DNAzyme 

results in site-specific backbone cleavage in the presence of thiophilic metals.49 Alteration 

of G nucleobases within a G-quadruplex by incorporating imidazole has altered the metal-

specificity of the nucleic acid from K+ towards transition metals (i.e., Cu2+, Zn2+, Co2+, 

Ni2+).50 While modifications to the backbone and nucleobases are more effective for 

targeting metals than modifications to the sugar, alterations to the sugar component can 

enhance nucleic acid stability and further increase the stability in the presence of specific 

metals.51 For example, locked nucleic acids (LNA), which feature a bridge connecting C4′ 

to O2′ and effectively locking the sugar conformation to increase the structural stability of 

nucleic acids,52 are utilized to selectively target siRNA for cancer detection.52 Another type 

of LNA modification featuring N,N-bis(2-pyridylmethyl)-β-alanyl-2′-amino-LNA has been 

shown to further enhance nucleic acid stability in the presence of Cu2+, highlighting the 

importance of chemical modifications to tune structural and functional properties of nucleic 

acids,51 which could be used in pharmaceutical and biosensor development.  While there 

have been many studies that have explored modified nucleic acids binding to metals, there 

are other modifications that have yet to be investigated that show potential for tuning metal 

binding affinity. For example, crown ethers are widely used to selectively capture alkali 

metals, with the 18-crown-6 attachment to nucleic acids binding Na+ that produces a current 

signal, enabling the detection of abasic sites in DNA.53 Peptide nucleic acids (PNA) contain 

a neutral, peptide-based backbone is resistant to enzyme degradation and experiences less 

electrostatic repulsion than in DNA or RNA.54 Although PNA has not been explored for 

binding to metals, its structural and chemical properties demonstrate potential for 



9 
 

developing nucleic acid sensing and extraction platforms that function in different 

environments. Overall, chemically altering nucleic acids enables the development of 

improved nucleic acid sensors for metal detection. To design nucleic acid sensing and 

extraction platforms with precise metal recognition capabilities, it is important to 

understand how metals interact with canonical and modified nucleic acids. The subsequent 

section discusses previous literature that has uncovered key information about the 

properties of metal–nucleic acid interactions. 
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Figure 1.4. Examples of chemical modifications that can be made to the nucleobases (top), 
sugar (middle), and backbone (bottom) that can impart new function with metals. The 
modifications outlined in the box have been studied with metals.49, 51, 55 

 

1.6. Experimental Studies Investigating Metal–Nucleic Acid Interactions 

Multiple experimental studies have used mass spectrometry,12 X-ray 

crystallography,56, 57 and threshold collision-induced dissociation (TCID)8 to uncover the 

structural and thermodynamic properties of metals interacting with canonical nucleic 
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acids.2, 58 From these studies, structural details, bond dissociation energies, kinetic stability, 

spectroscopic properties, and stoichiometries of select metal–nucleic acid complexes have 

been identified.  

There have been several experimental studies using TCID and the kinetic method 

approach to determine the binding strengths of nucleic acid subcomponents (i.e., A, C, G, 

T, U, or the phosphate moiety) to lithium.8, 59-63 Despite these studies, there is missing data 

for G and the phosphate moiety.8, 59-63 Additionally, no structural data was obtained as TCID 

experiments do not provide structural information. Similar gaps exist in the literature on 

nucleic acids interacting with other metals (e.g., alkali and alkaline earth metals, transition 

metals).58, 64  

Another important factor to consider in nucleic acids binding to metals is the role 

water plays in these interactions. Metal-coordinated waters can stabilize nucleic acids by 

forming hydrogen bonds with nucleic acids,64-66 highlighting the importance of 

understanding how water influences metal–nucleic acid interactions. Two-dimensional 

infrared (2D-IR) spectroscopic67, 68 and infrared multiphoton dissociation (IRMPD) 

spectroscopic69-73 studies have been utilized to investigate the dynamics of hydrated metal–

nucleic acid interactions by providing vibrational and fragmentation data. In the case of 

Li+, multiple IRMPD experiments have been performed to uncover the vibrational spectra 

of hydrated Li+–nucleobase interactions.69-71, 73 However, these experiments do not provide 

3D structural information, such as the metal-coordination geometry or the nucleobase 

binding site. As a result, key details into how water affects metal–nucleic acid interactions 

remain unclear.  
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Aside from canonical nucleic acids, several experimental studies have synthesized 

chemical modifications to nucleic acids to tune nucleic acid functionality for binding metals 

in applications such as materials, therapeutics, and biosensing.2, 74-76 As a specific example, 

modifying G:C base pairs in DNA to P:C (P = 1H-imidazo[4,5-f][1,10]phenanthroline) base 

pairs enables selective binding of Ag+ to form metal-mediated base pairs (P-Ag-C).76, 77 

These interactions were studied using different techniques such as circular dichroism and 

NMR spectroscopy,76, 77 with this information used for designing new materials and 

biosensors to detect Ag+.76, 77 Nevertheless, only select nucleic acid modifications with 

specific metals have been investigated, with no modifications explored with the purpose to 

capture lithium. There are clear gaps in the literature regarding how certain metals interact 

with nucleic acids. 

Computational modeling is a powerful tool that can provide atomic-level insights 

into how metals interact with canonical and modified nucleic acids, in addition to how 

water affects these interactions. The next section discusses in more detail computational 

investigations that have been done on metal–nucleic acid interactions. 

 

 

1.7. Computational Studies Investigating Metal–Nucleic Acid Interactions 

1.7.1. Ab Initio and Density Functional Theory Studies 

To complement experimental studies and fill gaps in the literature regarding how 

metals interact with nucleic acids, computational chemistry has proven useful. Prior to this 

thesis, several computational studies had uncovered fundamental structural and energetic 

information on metal–nucleic acid interactions.59, 60, 62, 78-91 The most accurate 
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computational approach for investigating metal–nucleic acid interactions is coupled-cluster 

with single, double, and perturbative triples excitation at the complete basis set limit 

(CCSD(T)/CBS). CCSD(T)/CBS offers highly accurate binding strengths of molecules; 

however, this method is computationally expensive, limiting its application to small 

systems (~30–50 atoms). Therefore, CCSD(T)/CBS has been confined to studying bare 

metals interacting with nucleic acid subcomponents in the gas phase. To overcome these 

limitations, computationally cheaper methods such as density functional theory (DFT) have 

been used to provide detailed information on the bond lengths, coordination numbers, 

geometries, as well as binding strengths, of metal complexes.   

Several DFT studies have investigated the structural and binding information of 

metal–nucleic acid interactions,62, 69, 82, 85, 87-90 For example, B3LYP was used to explore the 

binding of metals (Li+, Na+, K+, Be2+, Mg2+, Ca2+) to all possible nucleobase sites.82 Other 

studies have modeled the phosphate backbone using trimethyl phosphate (TMP) and 

triethyl phosphate (TEP) to  gain insights into the structures and binding strengths of group 

I metals interacting with the phosphate moiety.62, 91 However, these models do not account 

for the naturally occurring charge of nucleic acids. Separate studies have investigated 

transition metal (Sc+–Cu+, Cd2+, Cu2+) binding to G or A using B3LYP.78, 81, 90 Despite 

numerous DFT studies on metal–nucleic acid interactions, not all nucleobase binding sites 

have been explored for each metal, and the phosphate backbone model remains incomplete. 

Due to the approximations used in DFT, it is important to validate its reliability against 

experimental data or highly accurate computational methods like CCSD(T).86 The accuracy 

of certain functionals used to investigate metal–nucleic acid interactions is uncertain, which 
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raises concerns about the reliability of the reported results. This underscores the need for 

assessing the accuracy of DFT results.  

 

1.7.2. Molecular Dynamics Simulations  

To investigate the impact of solvent and the surrounding nucleic acid environment 

on metal–nucleic acid complexes, molecular dynamics (MD) simulations can be used. Due 

to the limited number of atoms that can be explored using quantum chemical techniques, 

MD simulations that utilize classical physics capture the time-dependent behavior of metal–

nucleic acid interactions in solvated environments, revealing the role of hydration and ion 

mobility. These approaches have proven effective for understanding metal binding 

preferences with nucleic acids and the structural impact metals have on nucleic acids.92-99 

For example, an MD study on group II metals (Mg2+, Ca2+, Sr2+, and Ba2+) interacting with 

DNA uncovered that Mg2+ retains its hydration shell and primarily interacts with DNA 

through Mg2+-coordinated waters (i.e., an outer-sphere complex), while Ca2+, Sr2+, or Ba2+ 

tend to lose a water molecule and bind directly to DNA (i.e., an inner-sphere complex).92 

Another MD study explored metal competition among Li+, Na+, K+, and Mg2+ to bind to 

DNA, identifying that these metals form outer-shell contacts through metal-coordinated 

waters to multiple nucleic acid binding sites, and larger populations of metals surround G 

nucleobases.93 However, this study only looked at total interactions (within 6 Å) and did 

not dissect the data into direct or indirect metal coordination to nucleic acids.93 MD 

simulations exploring Li+, Na+, K+, Cs+, Ca2+, Sr2+, and Ba2+ binding patterns to RNA or 

DNA identified that metal interactions with RNA differ from DNA.94 Specifically, DNA 

generally displaces a single metal-coordinated water, while more metal-coordinated waters 
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are displaced by RNA, permitting metals to form more direct contacts with RNA and create 

folded enclosures.94 Overall, while MD simulations have been used to investigate metal–

nucleic acid interactions in water,92-99 these studies focused on either the structural impact 

of metal binding on the nucleic acid or the general distribution in metal binding location 

(e.g., major versus minor groove, nucleobases versus phosphate backbone). Thus, the 

impact of water on the structure and binding in metal–nucleic acid complexes remain only 

partially explored. Additionally, the application of classical force fields in MD simulations 

can oversimplify the treatment of polarization and electronic effects of hydrated metal–

nucleic acid interactions,100 with higher-level computational techniques (e.g., DFT) 

important for uncovering structure and thermodynamics of these interactions.  

Overall, despite the valuable information gained from these studies, uncertainties 

remain, such as how metals bind to specific nucleic acid sites (i.e., phosphate backbone 

versus nucleobases), as well as the role of the metal identity or oxidation on metal–nucleic 

acid interactions. Furthermore, the impact of water and solvation effects on the structural 

and binding information of metal–nucleic acid interactions remain unclear. Additionally, 

the impact of chemical modifications on metal–nucleic acid interactions is not understood. 

The focus of this thesis is to use a combination of CCSD(T)/CBS, DFT, and MD 

computational techniques to gain a fundamental understanding of how metals interact with 

canonical and modified nucleic acids.  

 

1.8. Scope of thesis 

This thesis uses multiple computational techniques to gain fundamental structural 

and binding information of metal–nucleic acid interactions to work towards developing 
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nucleic acid extraction platforms for capturing metals, where these platforms can be used 

for future research into designing nucleic acid metal sensors. While there have been 

computational studies on Li+–nucleic acid interactions,59, 60, 62 the accuracy of methods used 

to study these complexes is in question and not all nucleic acid components were explored. 

Therefore, Chapter 2 uses small models featuring Li+ interacting with each binding site of 

each nucleobase (A, C, G, T, or U) and the phosphate moiety to uncover structural and 

binding information using the gold-standard computational technique (CCSD(T)/CBS). 

Subsequently, the performance of more cost-effective approaches (DFT) is assessed for the 

ability to reproduce the CCSD(T)/CBS values and thereby identify reliable methods that 

can be used in later chapters. This chapter uncovers fundamental structural and binding 

information of metal–nucleic acid interactions and underscores the importance of testing 

the reliability of computational methods for providing an accurate description of metal–

nucleic acid properties. The DFT method (MN15) identified in Chapter 2 is used for other 

chapters in this thesis that involve Li+–nucleic acid interactions. 

Chapter 3 investigates the impact of the metal identity on metal–nucleic acid 

interactions. Like Chapter 2, small models featuring group I metals (Li+, Na+, K+, Rb+, and 

Cs+) interacting with each nucleic acid component (A, C, G, T, U or the phosphate moiety) 

are used to uncover the structural and binding information of these interactions. Although 

accurate DFT methods for Li+ were identified in Chapter 2, reliable DFT methods for 

describing group I metal–nucleic acid interactions remain uncertain. Using the same 

approach as Chapter 2, the most robust DFT methods for consistently and accurately 

describing group I metal–nucleic acid interactions are identified against CCSD(T)/CBS 

results. Furthermore, Chapter 3 compares different metals interacting with nucleic acid 
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binding sites, which provide important insights for designing nucleic acid extraction 

platforms with enhanced metal specificity. 

Chapter 4 further explores reliable methodologies for investigating how group II 

metals interact with nucleic acids. Using the methodology from Chapter 3, the structural 

and binding information of group II metal–nucleic acid interactions is elucidated. 

Subsequently, the same DFT methods explored in Chapter 3 are tested against the 

CCSD(T)/CBS results on group II metal–nucleic acid interactions. Overall, this chapter 

provides fundamental structural and binding information using a high level of theory for 

group II metal–nucleic acid interactions in addition to outlining accurate methodologies for 

studying these interactions.  

Chapter 5 expands from group I and II metals to the computationally challenging 

transition and post-transition metals. Transition and post-transition metals also contaminate 

the environment101 and pose a risk to human health,102 which highlights the need for nucleic 

acid sensing and extraction technologies to detect and capture these metals. However, 

transition and post-transition metals can be challenging to describe using computational 

techniques due to factors such as varying oxidation and spin states, relativistic effects, and 

ligand-dependent behavior.103, 104 This chapter aims to take the first step towards designing 

nucleic acid sensors for transition and post-transition metal detection by assessing the 

performance of DFT methods for reliably describing transition and post-transition metal–

nucleic-acid complexes. This chapter identifies reliable DFT methods for studying the 

transition and post-transition metal–nucleic-acid complexes, enabling future research on 

these interactions to develop nucleic acid sensing and extraction platforms. 

Chapter 6 moves into applying the methods identified from Chapter 2 to explore 

Li+–nucleic acid interactions since Li+ is a rising environmental contaminant that requires 
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sensing and extraction strategies for remediation.1 In Chapter 6, the role of water on the 

structural and binding information of Li+–nucleic acid interactions is investigated. Building 

on the models and methodology from Chapter 2, this chapter investigates hydrated 

structures of Li+–nucleic acid complexes, varying the number of water molecules 

coordinated to Li+. The structural and thermodynamic information gained from this chapter 

provides a fundamental understanding of how water affects Li+–nucleic acid interactions 

and how to computationally model these interactions in solvent by using a combination of 

implicit and explicit solvent. 

Prior chapters have focused on understanding metal interactions with canonical 

nucleic acids, while Chapter 7 introduces sugar–backbone modified nucleic acid (PNA). 

The negatively charged phosphate backbone is replaced with a neutral peptide backbone to 

investigate how metal binding changes from canonical DNA to PNA, with this modification 

motivated by findings from previous chapters showing that Li+ binds to multiple sites in 

DNA (phosphate moiety and nucleobases) with different geometries. This chapter uses MD 

simulations on DNA and PNA duplexes in the presence of Li+ or Na+ in different salt 

concentrations to compare how these metals bind in a duplex environment, with the results 

from this chapter emphasizing the utility of PNA to drive Li+ binding to more selective 

nucleic acid regions. This chapter provides insights into the structural stability of PNA in 

varying environmental conditions, which is important information for future development 

of nucleic acid metal sensing and extraction technologies. 

Chapter 8 uses a combined computational approach of DFT calculations and ab 

initio molecular dynamics simulations (AIMD) to investigate a di-hydroxy crown-ether-

modified cytosine for Li+ capture. Specifically, DFT calculations performed on nucleobase 

and base pairs reveal the complexation abilities of Li+ to the crown ether compared to 
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canonical G, the strongest nucleobase binding site in canonical DNA. This chapter provides 

the first insight into how Li+ binds to a crown-ether-modified nucleobase. Altogether, 

Chapters 7 and 8 how to design a nucleic acid extraction platform for Li+ by combining 

sugar–backbone and nucleobase modifications. Finally, Chapter 9 discusses the key 

conclusions gained from this thesis and possible future directions for these projects. 
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Chapter 2: An Assessment of the Accuracy of DFT Predicted Li+–Nucleic Acid 

Binding Energies 

Preface: The contents of this chapter have been published [Boychuk, B. T. A.; Jeong, R. Y. 

E.; Wetmore, S. D. Assessment of the Accuracy of DFT-Predicted Li+–Nucleic Acid 

Binding Energies. J. Chem. Theory Comput. 2021, 17 (8), 5392-5408].  
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2.1. Introduction 

Metal ions are involved in an abundance of vital biological functions such as 

enzyme catalysis, nucleic acid and protein stabilization, and signal transduction.1-3 

Nevertheless, human exposure to toxic levels of metals is increasing due to activities such 

as mining, coal burning and waste dumping.4 Therefore, many works have strived to 

understand the interactions between metals and biosystems.5,6 Uncovering the fundamental 

details of metal interactions with nucleic acids is critical both in terms of understanding the 

overall role of metals in biology and in terms of the design of new metal detection 

platforms. Indeed, many unique single-stranded nucleic acids have been successfully 

constructed to target specific metals with high binding affinity and specificity.7,8 

Among metals, alkali metals are of central importance to many cellular processes.3,9 

Na+ and K+ are the most abundant alkali metals in biosystems, each playing key roles in 

the human body including, their involvement in blood regulation, osmo-regulation, and 

sodium and potassium pumps (Na+/K+-ATPase).9 On the other hand, Rb+ and Cs+ are 

nonessential for cells.10 Rb+ and Cs+ undergo competitive binding with K+ in several 

biological processes, and are therefore mildly toxic.11-13 In addition to their biological roles, 

alkali metals such as Na+, K+ and Cs+ have been selectively detected by nucleic acid metal 

sensors.7  

Although also a nonessential metal, unlike Rb+ and Cs+, lithium can exhibit 

beneficial biochemical effects. For example, lithium is a vital component of drugs used to 

treat bipolar disorders.14 Furthermore, Li+ has been reported to upregulate DNA ligase IV 

activity, an important DNA repair enzyme, resulting in the shielding of retinal neurocytes 

from ischemic damage.15 Indeed, studies of hypoxic–ischemic brain injuries revealed that 

lithium provides long-term protection against DNA damage.16,17 Another interesting 
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example is the reported activity of the naturally-occurring hammerhead ribozyme in the 

presence of Li+.18 Nevertheless, there is a narrow range of lithium concentration that is 

therapeutic,19 with prolonged exposure linked to cerebellar and renal dysfunction.20,21 

Furthermore, lithium exposure is increasing due to the growing production and improper 

disposal of lithium–ion batteries,19,22 which when coupled with its geochemical mobility in 

the environment results in Li+ uptake through the food chain.23 Unlike other alkali metals, 

no nucleic acid platform has been designed to detect lithium to the best of our knowledge. 

A strongly binding nucleic acid platform could also provide a potential solution for the 

growing interest in lithium extraction from oil sands,24 which would fill the demand for 

manufacturing lithium–ion batteries and have the added benefit of aiding environmental 

remediation.  

To better understand how Li+ interacts with complex biosystems and its biological 

roles, as well as aid the design of new detection or extraction strategies, fundamental 

information about metal ion binding to nucleic acids is required. In this light, the kinetic 

method (KM) approach based on gas-phase mass spectrometry has been used to determine 

the bond dissociation energies of lithium in complex with each of the 5 nucleobases 

(adenine (A), guanine (G), cytosine (C), thymine (T), and uracil (U)).25,26 However, due to 

limitations in the accuracy of the resulting data,26 threshold collision-induced dissociation 

(TCID) experiments have been performed to re-evaluate the bond dissociation energies of 

lithium in complex with 4 nucleobases (A, C, T and U),27,28 as well as trimethyl phosphate 

(TMP) and triethyl phosphate (TEP).29,30 While these experiments have provided key 

insight into the binding affinity of lithium to the individual subcomponents of nucleic acids, 

accurate data is missing for G and appropriately charged phosphate models, and no 

structural information is directly available from these experiments. 
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Complementarily to experimental studies, computational chemistry can provide 

detailed structural and energetic information about metal–nucleic acid interactions.31-36 

Indeed, previous TCID data was compared to (MP2 or B3LYP) computed interaction 

energies of lithium bound to various positions in the nucleobases and (TMP and TEP) 

phosphate models to aid structural assignments.27,29,30 Other (MP2 and B3LYP) studies 

have compared computed Li+–nucleobase interactions, including cation–π interactions, 

with those for a broad spectrum of monovalent and divalent metal ions31,36 or those 

involving different Li+ species (Li3
+ and CH3Li).32 Through comparison to infrared multiple 

photon dissociation (IRMPD) spectra, gas-phase B3LYP structural information has been 

reported for mono and dihydrated Li+–thymine and uracil,34 as well as A,35 complexes. The 

maintenance of the preferred DFT nucleobase binding position of Li+ has also been 

considered for (BLYP) Watson-Crick DNA base pairs,37 as well as (B3LYP) cyclic G, C, T 

and U tetrads.38,39 Finally, molecular dynamics (MD) simulations have been used to identify 

Li+ binding sites in DNA duplexes, as well as study Li+ competition with other mono and 

divalent metal ions.40-43 Despite these computational studies providing critical information 

about the preferred nucleobase binding positions, the accuracy of the DFT computed 

binding strengths is uncertain at least in part due to incomplete experimental datasets. 

Furthermore, the reliability of existing force field parameters for Li+ has been called into 

question41 and studies of larger biomolecular complexes in a range of environments are 

lacking.  

Prior to performing large-scale computational studies to understand the behavior of 

Li+ in broader biological and nucleic acid-based systems, methods that can accurately and 

efficiently describe Li+–nucleic acid interactions must be identified. With this goal in mind, 

the present work generates a complete dataset of binding strengths for Li+–nucleic acid 
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systems using the gold standard CCSD(T) method at the complete basis set (CBS) limit. 

Specifically, the gas-phase binding energies of lithium complexed to each of the 5 canonical 

DNA/RNA nucleobases (A, G, C, T, and U, Figure 2.1) and a model phosphate backbone 

(dimethyl phosphate) are evaluated. This highly accurate data will be useful for fine-tuning 

force fields for MD simulations that will further advance our understanding of Li+–nucleic 

acid binding.  Subsequently, the present work assesses the ability of 54 functionals (Table 

2.1) that span many functional families, including those incorporating empirical dispersion 

corrections, in combination with 3 basis sets to reproduce the CCSD(T)/CBS results. The 

most accurate DFT methods identified in the present work will be ideal for future 

investigations of lithium interactions in larger nucleic acid systems, with the goal to provide 

insight into the biological roles of this metal, and the design of novel biosensing and 

extraction strategies. Our data complements previous benchmark studies focused on 

lithium polysulfides44 and Li+–benzene cation–π interactions45 to aid the design of lithium–

sulfur and lithium–ion batteries. 

 

 

Figure 2.1. Nucleobase and phosphate components considered in this study, with B = 
bridging and NB = nonbridging oxygens in the dimethyl phosphate model. 
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2.2. Computational Details 

All calculations were performed using Gaussian 16 (Rev. B01).46 The only 

exceptions were calculations conducted with revDSD-PBEP86-D3(BJ), ωB97M-V and 

ωB97X-V, which were carried out using ORCA 4.1.1,47 and the exchange-hole dipole 

moment (XDM) dispersion48-52 corrected functional LC-ωPBE-XDM, which were done 

using the postG external program.51,52 

Models were built by initially placing the metal at each potential binding position 

of the nucleobase (N1 and N6 of A, O6 of G, N3 of A and G, O4 of T and U, N4 of C, and 

O2 of the pyrimidines) or phosphate (bridging and nonbridging oxygens) nucleic acid 

component (Figure 2.1). Dimethyl phosphate was used as the phosphate model, which 

replaces the attached sugars by methyl groups and allows phosphate interactions to be 

considered in the absence of potential interference from the nucleobase. This model is an 

improvement over the experimentally implemented TMP29 and TEP30 models since 

dimethyl phosphate accounts for the biologically-relevant charge and permits different 

(bridging versus non-bridging oxygen) binding locations to be explored. All structures were 

optimized with MP2(full)/aug-cc-pVTZ and frequency calculations were subsequently 

performed to confirm stable minima. The geometries of the most stable metal complex for 

each nucleic acid component were also considered for a selection of DFT functionals. 

For each stable minimum, the binding energy was calculated as:  

𝐸𝐸𝐵𝐵𝐵𝐵 = 𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐸𝐸𝐿𝐿𝐿𝐿+     (2.1) 

where 𝐸𝐸𝐵𝐵𝐵𝐵  is the binding energy of the complex, 𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the dimer energy, 

and 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐸𝐸𝐿𝐿𝐿𝐿+ are the monomer energies of the nucleic acid component and 
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Li+, respectively. The reference binding energies were calculated using CCSD(T) at the 

CBS limit according to the extrapolation scheme of Helgaker et al.53 Specifically, basis set 

extrapolation was performed with MP2 using the aug-cc-pVTZ and aug-cc-pVQZ basis 

sets, followed by CCSD(T)/aug-cc-pVTZ calculations. Subsequently, the total energy was 

calculated as: 

𝐸𝐸(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇)/𝐶𝐶𝐶𝐶𝐶𝐶)  = 𝐸𝐸(𝐻𝐻𝐻𝐻) +  𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑀𝑀𝑀𝑀2/𝐶𝐶𝐶𝐶𝐶𝐶)  + ∆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇)     (2.2) 

where 𝐸𝐸(𝐻𝐻𝐻𝐻) was evaluated using aug-cc-pVQZ, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑀𝑀𝑀𝑀2/𝐶𝐶𝐶𝐶𝐶𝐶) is the MP2 energy 

extrapolated to the CBS limit, and ∆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇) was calculated as the difference between the 

MP2 and CCSD(T) energies evaluated with the aug-cc-pVTZ basis set. As done previously 

in the literature54-58 and proposed by Helgaker et al.,59 the averages of the counterpoise 

uncorrected and corrected binding strengths were used as the final benchmark values. This 

approach addresses convergence concerns when solely using uncorrected or corrected 

CCSD(T)/CBS binding energies that are known to overestimate or underestimate the true 

interaction energy, respectively. The counterpoise corrections were evaluated according to 

the Boys and Bernardi scheme.60  

In the present study, 39 unique DFT functionals were selected based on the 

metaphorical ‘Jacob’s Ladder’61 (Table 2.1). Furthermore, Grimme’s D362,63 empirical 

dispersion correction using Becke–Johnson damping (BJ)49 was added to 15 functionals. 

We note that the functionals examined include newer variants by the Head-Gordon group, 

namely ωB97M-V and ωB97X-V, which contain the Vydrov and Van Voorhis’ VV1064 

nonlocal (NL) dispersion correction. Additionally, an exchange-hole dipole moment 

(XDM) dispersion corrected functional (LC-ωPBE-XDM) was examined. For each 

functional, three triple-zeta (TZ) basis sets were considered, namely Pople’s  

6-311+G(3df,2p), Dunning aug-cc-pVTZ65-67 and Karlsruhe def2-TZVPP.68 The impact of 
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basis set expansion to quadruple-zeta (QZ) and truncation to double-zeta (DZ) quality basis 

sets was also considered for the Dunning and Karlsruhe families. All DFT binding energies 

were calculated with and without a counterpoise correction using the Boys and Bernardi 

scheme to determine the impact of the basis set superposition error (BSSE).60 While we 

acknowledge that different environments will reduce the magnitude of the predicted 

binding strengths, all calculations in the present work were performed in the gas phase.69-

112 
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Table 2.1. DFT methods tested in this study for their ability to describe Li+–nucleic acid interactions.  

Family  Functional D3a) %HFb) %MP2 Ref. 
Double-Hybrid B2-PLYP X 53 27 69 
 mPW2-PLYP  55 25 70 
 PBE-QIDH  69 33.4 71 
 PBE0-DH  50 12.5 72 
RSH M11  42.8–100c)  73 

 MN12-SX X 25–0c)  74 
RSH meta-GGA ωB97M-V  15  75 
RSH GGA ωB97    76 
 ωB97X  16  76 
 ωB97X-D  22  77 
 ωB97X-V  16.7  78 
 HSE06 X 25–0c)  79-85 
 LC-PBE    86,87 
 LC-ωPBE X   88-90 
 LC-ωPBE-XDM    52 
 CAM-B3LYP X 19–65c)  91 
GH meta-GGA M06  27  92 
 M06-2X  54  92 
 M06-HF  100  93 
 BMK  42  94 
 MN15  44  95 
GH GGA BH&HLYP  50  96 
 SOGGA11-X  40.15  97 
 B3PW91 X 20  98 
 PBE0 X 25  99 
 B3LYP X 20  98,100 
 X3LYP X 21  101 
 O3LYP X   102 
 B97-2  21  103 
Local meta-GGA TPSS X   104 
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Table 2.1. Continued. 

Family  Functional D3a) %HFb) %MP2 Ref. 
 M11-L    105 
 M06-L    106 
 MN12-L    107 
 MN15-L    108 
Local GGA mPW91    109 
 BLYP X   100,110,111 
 BP86 X   100,110 
 PBE X   86 
Local LDA SVWN5    112 

a)Functionals indicated by an X were considered with and without the D3(BJ) empirical dispersion correction. b) Percentage of Hartree–Fock 
exchange (%HF). c) For these RSH functionals, the first value is the %HF at short range, and the second value is the %HF at long range. 
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2. 3. Results and Discussion 

2.3.1. CCSD(T)/CBS Li+–Nucleic Acid Binding Positions and Strengths 

As discussed in the Introduction, both nucleobase (A, G, C, T and U) and phosphate 

models (Figure 2.1) were considered to determine the preferred lithium–nucleic acid 

binding sites. Specifically, all potential nucleobase metalation sites were examined, 

including N1, N3 and N7 of the purines, as well as O6 of G, N6 of A, the N3, N4 and O2 

binding sites of C, and the O2 and O4 positions of T and U. The possibility of cation–π 

interactions was also investigated as previous research indicates their potential important 

roles in terrestrial environments and protein-ligand interactions.113,114 For the phosphate 

model, Li+ coordination was considered to the two non-bridging oxygen atoms, the two-

bridging oxygen atoms or one bridging and one non-bridging oxygen. Minima for all Li+–

nucleic acid complexes characterized in the present work are reported in Figure 2.2, along 

with the CCSD(T)/CBS binding energies (square brackets) and the relative binding 

energies for complexes with each nucleic acid component (parentheses).  

Among purine metalation sites, lithium preferentially coordinates to the major 

groove side, with binding being stronger to G (–72.5 kcal/mol) than A (–51.1 kcal/mol). 

For G, the greatest interaction energy involves bidentate coordination to N7 and O6, which 

results in a significantly more stable complex than bidentate coordination to N3 and N2 (by 

32.0 kcal/mol). This trend correlates with the predicted gas-phase proton affinities (PA) for 

different G positions,115 as well as the preference for hard cations like Li+ for hard bases 

(oxygen donors) and electron rich sites (i.e., the O6–N7 face of G). For A, four Li+ 

complexes were characterized. Two structures involve bidentate coordination with a rotated 

(nonplanar) N6 amino group and N7 or N3, which are very similar in stability (within  

2.3 kcal/mol), which correlates with the similar reported PA for these sites.115 A 
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monodentate Li+–A complex was also identified in which lithium is coordinated to N3 

(within 6.9 kcal/mol of the most stable complex). Due to the lack of a strong electron 

withdrawing group for A compared to G, a cation–π interaction with the 6-membered ring 

of A is uniquely stabilized (within 19.2 kcal/mol).  

Among pyrimidine metalation sites, the strongest binding occurs with C (–68.8 

kcal/mol), which arises due to bidentate coordination with N3 and O2, again reflecting the 

chemical properties of the nucleobase sites and Li+. A second bidentate coordinated Li+–C 

complex involving N3 and a rotated (nonplanar) amino group falls 21.4 kcal/mol higher in 

energy. Two nearly isoenergetic complexes arise for T and U, with coordination to O4 being 

slightly preferred over O2 (by 1.2–3.2 kcal/mol) due to the higher proton affinity.116 An 

additional cation–π interaction was isolated for T, which is 32.1 kcal/mol less stable than 

the O4 complex. The isolation of a cation–π complex for T, but not U, agrees with previous 

studies suggesting that addition of a methyl group to the π ring strengthens cation–π 

contacts.117,118  

Overall, when the preferred binding site for each nucleobase is considered, the trend 

in the Li+–nucleobase interaction energy decreases as G > C >> A ∼ T = U, which follows 

the trend in the proton affinities of the preferred nucleobase binding sites.115,116,119 The 

predicted stronger lithium binding to C compared to A, T or U matches experimental data 

from TCID.27,28 Although previous computational literature generally reproduces the 

CCSD(T)/CBS trend with respect to the binding sites, the difference in the magnitude of 

the computed DFT (B3LYP) binding strengths can be over 2 kcal/mol, suggesting that there 

may be room for other functionals to yield improved descriptions of lithium–nucleobase 

interactions.  
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In addition to various nucleobase binding sites, lithium forms stable complexes with 

dimethyl phosphate through the two non-bridging oxygens, two bridging oxygens, or one 

bridging and one non-bridging oxygen. The strongest binding interaction (–163.6 kcal/mol) 

occurs when Li+ coordinates to the highly charged non-bridging oxygen atoms. While the 

stability of the complex with lithium coordinated to one bridging and one non-bridging 

oxygen is only 5.5 kcal/mol less stable, coordination to 2 bridging oxygens is far less 

favorable (by 17.6 kcal/mol). We note that our calculated binding strengths are 

approximately three times larger than those evaluated using TMP models,26,29,30 which 

when coupled with the ability to investigate a wider variety of binding orientations 

underscores the importance of considering the dimethyl phosphate model. Overall, Li+ 

interactions to the phosphate backbone appear to be approximately 2 times greater than the 

strongest interaction with a nucleobase, which correlates with the increased binding affinity 

for the phosphate over the nucleobases previously recorded with TCID.26  
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Figure 2.2. CCSD(T)/CBS//MP2/aug-cc-pVTZ characterized complexes between Li+ and 
the nucleobases (A, G, C, T and U) or dimethyl phosphate (P). Key structural features (Å 
and degrees), including bond lengths and angles for direct coordination and metal–centroid 
distance for cation–π contacts are provided. Half-and-half counterpoise-corrected binding 
energies [square bracket] and relative energies for a given nucleic acid component 
(parenthesis) are provided (kcal/mol).  

 

2.3.2. The Accuracy of Counterpoise-Corrected DFT Li+–Nucleic Acid Binding 

Strengths 

As indicated in the Computational Methods, the ability of 54 functionals (Table 2.1) 

in combination with 3 basis sets to reproduce the CCSD(T)/CBS Li+–nucleic acid binding 
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strengths was evaluated. Signed errors for the DFT binding strengths of the most stable 

complexes between lithium and nucleic acid components as a function of the functional 

and basis set are illustrated as a heat map in Figure 2.3. Most combinations of functionals 

and basis sets overestimate the binding energies of Li+–nucleic acid complexes as indicated 

by the prevalence of red shades. Furthermore, there is minor color change vertically, 

indicating consistency in functional performance across systems and basis sets. In contrast, 

greater color variation occurs on the horizontal axis, highlighting significant fluctuations 

in performance between and within different functional families.  

To identify the best overall functional(s) for the investigation of Li+–nucleic acid 

interactions, the percent errors (PE) for each individual interaction and mean percent errors 

(MPE) over the nucleobases or the nucleobases and phosphate moiety, as well as the 

corresponding averages over the three basis sets (AMPE), were evaluated in reference to 

the CCSD(T)/CBS binding energy (Table 2.2, Figures 2.4, and A.1–A.2, Appendix A). 

Averaging over basis sets has been utilized in previous benchmark studies to aid 

identification of functionals that are robust with respect to the basis set.44 Focusing on these 

metrics ensures that the descriptions of Li+–nucleobase and Li+–phosphate interactions are 

more equally weighted given the significant difference in the magnitude of the respective 

binding energies. As a rough guide, a 1% AMPE for the Li+–nucleobase interactions is 

equivalent to an ~ 0.5 kcal/mol difference from the CCSD(T)/CBS reference value, while 

a 1% AMPE is an ~ 1.6 kcal/mol difference for Li+–phosphate interactions. The unsigned 

error (UE), mean unsigned error (MUE), and root-mean-square error (RMSE), as well as 

the corresponding averages (AMUE and ARMSE), are also tabulated and considered in our 

analysis to identify performance outliers and provide another metric to gauge method 

accuracy (Table 2.3, Figures A.3–A.4, Appendix A). We note that the trends, and therefore 
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the major conclusions, based on all metrics are highly similar. We initially focus on the 

counterpoise-corrected DFT binding energies and organize our discussion in the following 

subsections according to the metaphorical ‘Jacob’s Ladder’. 

 

 

Figure 2.3. Signed errors (kcal/mol) for counterpoise-corrected DFT binding energies of 
the most stable Li+–nucleobase and Li+–phosphate complexes, where negative values (red 
shades) represent over binding relative to CCSD(T)/CBS reference values
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Table 2.2. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or basis sets (kcal/mol) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies.a,b  

   6-311+G(3df,2p)  aug-cc-pVTZ  def2-TZVPP    
   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 

Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-
Hybrid B2-PLYP  1.82 0.28 1.57  2.32 0.33 1.99  1.97 0.72 1.76  2.04 0.44 1.77 

 B2-PLYP-D3  3.38 1.14 3.01  3.99 1.19 3.52  3.63 1.58 3.29  3.67 1.30 3.27 
 mPW2-PLYP  3.58 1.15 3.18  4.19 1.20 3.69  3.90 1.61 3.51  3.89 1.32 3.46 
 PBE-QIDH  1.49 0.76 1.37  1.85 0.83 1.68  1.40 0.99 1.33  1.58 0.86 1.46 
 PBE0-DH  2.56 1.35 2.36  2.96 1.41 2.70  2.56 1.62 2.41  2.70 1.46 2.49 
 revDSD-PBEP86-

D3 
 – – –  – – –  1.89 0.86 1.70  – – – 

RSH M11  3.98 1.88 3.63  4.02 1.80 3.65  4.14 1.75 3.74  4.04 1.81 3.67 
 MN12-SX  2.24 0.08 1.88  2.65 0.32 2.26  2.10 0.48 1.83  2.33 0.29 1.99 
 MN12-SX-D3  2.64 0.50 2.28  3.05 0.74 2.66  2.50 0.90 2.23  2.73 0.71 2.39 

RSH meta-
GGA 

ωB97M-V  2.16 0.81 1.94  2.60 0.76 2.29  2.50 1.30 2.30  2.42 0.96 2.17 

RSH GGA ωB97  0.91 0.55 0.85  1.29 0.51 1.16  0.91 0.24 0.80  1.04 0.43 0.94 
 ωB97X  2.32 1.45 2.18  1.70 1.39 1.65  2.25 1.12 2.06  2.09 1.32 1.96 
 ωB97X-D  1.32 1.39 1.33  0.85 1.30 0.93  1.21 1.07 1.18  1.13 1.25 1.15 
 ωB97X-V  1.79 0.74 1.62  2.31 0.69 2.04  2.03 1.12 1.88  2.04 0.85 1.84 
 HSE06  3.06 1.09 2.73  3.44 1.11 3.05  3.14 1.44 2.86  3.21 1.21 2.88 
 HSE06-D3  4.44 1.84 4.01  5.05 1.86 4.52  4.64 2.19 4.23  4.71 1.96 4.25 
 LC-PBE  4.86 2.88 4.53  5.49 2.88 5.05  4.71 2.93 4.41  5.02 2.89 4.66 
 LC-ωPBE  2.30 1.31 2.14  2.73 1.29 2.49  2.37 1.52 2.23  2.47 1.37 2.29 
 LC-ωPBE-XDM  – – –  3.86 1.71 3.50  2.77 1.64 2.58  3.32 1.68 3.04 
 LC-ωPBE-D3  4.13 2.27 3.82  4.72 2.25 4.31  4.20 2.48 3.91  4.35 2.33 4.01 
 CAM-B3LYP  5.98 2.22 5.35  6.58 2.24 5.86  6.24 2.63 5.63  6.26 2.36 5.61 
 CAM-B3LYP-D3  7.80 3.09 7.01  8.41 3.11 7.52  8.06 3.50 7.30  8.09 3.23 7.28 

GH meta-
GGA 

M06  1.83 1.26 1.73  1.75 0.94 1.62  1.55 0.57 1.38  1.71 0.92 1.58 

 M06-2X  2.85 2.00 2.71  3.65 1.84 3.35  3.42 2.15 3.21  3.31 2.00 3.09 
 M06-HF  6.74 4.94 6.44  7.32 4.56 6.86  7.63 4.76 7.15  7.23 4.75 6.82 
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Table 2.2. Continued. 

   6-311+G(3df,2p)  aug-cc-pVTZ  def2-TZVPP     
   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 

Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 
 MN15  1.39 0.10 1.17  1.80 0.17 1.53  1.17 0.25 1.02  1.45 0.17 1.24 
 BMK  2.12 0.56 1.86  2.05 0.57 1.80  1.89 0.32 1.63  2.02 0.48 1.76 

GH GGA BH&HLYP  6.74 3.05 6.13  7.36 3.11 6.65  6.95 3.35 6.35  7.02 3.17 6.38 
 SOGGA11-

X 
 3.17 1.17 2.84  3.94 1.38 3.51  3.38 1.65 3.09  3.50 1.40 3.15 

 B3PW91  1.51 0.20 1.29  1.87 0.15 1.58  1.53 0.12 1.30  1.64 0.16 1.39 
 B3PW91-D3  3.12 1.44 2.84  3.83 1.49 3.44  3.29 1.76 3.04  3.41 1.56 3.10 
 PBE0  3.88 1.14 3.43  4.25 1.19 3.74  4.06 1.54 3.64  4.06 1.29 3.60 
 PBE0-D3  4.89 1.94 4.40  5.49 1.98 4.91  5.22 2.33 4.74  5.20 2.08 4.68 
 B3LYP  3.49 0.80 3.04  4.14 0.85 3.59  3.83 1.29 3.41  3.82 0.98 3.35 
 B3LYP-D3  6.62 2.39 5.91  7.27 2.43 6.46  6.96 2.88 6.28  6.95 2.57 6.22 
 X3LYP  4.78 1.36 4.21  5.42 1.40 4.75  5.17 1.88 4.62  5.12 1.55 4.53 
 X3LYP-D3  8.36 3.34 7.52  8.99 3.38 8.06  8.74 3.86 7.93  8.70 3.52 7.83 
 O3LYP  1.79 0.10 1.50  2.17 0.06 1.81  2.10 0.74 1.87  2.02 0.30 1.73 
 O3LYP-D3  5.09 2.53 4.66  5.74 2.57 5.21  5.91 3.37 5.49  5.58 2.82 5.12 
 B97-2  1.41 0.37 1.23  1.63 0.29 1.41  1.36 0.08 1.15  1.47 0.24 1.26 

Local meta-GGA TPSS  1.84 0.06 1.54  2.19 0.08 1.84  1.97 0.54 1.73  2.00 0.23 1.70 
 TPSS-D3  3.84 1.17 3.40  4.47 1.19 3.93  4.14 1.66 3.73  4.15 1.34 3.68 
 M06-L  2.87 1.55 2.65  2.09 1.60 2.01  2.35 1.08 2.14  2.44 1.41 2.27 
 M11-L  2.77 0.89 2.46  2.05 0.60 1.81  3.03 0.84 2.67  2.62 0.78 2.31 
 MN12-L  2.42 0.09 2.03  2.95 0.45 2.53  2.36 0.59 2.06  2.57 0.38 2.21 
 MN15-L  2.46 1.32 2.27  1.64 1.22 1.57  1.63 0.40 1.43  1.91 0.98 1.75 

Local GGA mPW91  2.46 0.74 2.17  2.86 0.80 2.52  2.57 1.12 2.33  2.63 0.89 2.34 
 BLYP  2.18 0.89 1.97  2.40 0.88 2.14  2.23 0.18 1.89  2.27 0.65 2.00 
 BLYP-D3  5.10 0.99 4.41  5.75 1.00 4.96  5.65 1.71 4.99  5.50 1.23 4.79 
 BP86  2.83 2.06 2.70  2.11 2.05 2.10  2.61 1.62 2.44  2.52 1.91 2.41 
 BP86-D3  1.52 0.40 1.33  1.67 0.38 1.46  1.45 0.05 1.22  1.55 0.28 1.34 
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Table 2.2. Continued. 

   6-311+G(3df,2p)  aug-cc-pVTZ  def2-TZVPP     
   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 

Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 
 PBE  2.17 0.45 1.89  2.31 0.44 2.00  2.23 0.20 1.89  2.24 0.36 1.93 
 PBE-D3  2.64 0.36 2.26  3.31 0.37 2.82  3.09 1.01 2.74  3.01 0.58 2.61 

Local LDA SVWN5  6.22 2.04 5.53  6.94 2.04 6.13  6.38 2.48 5.73  6.52 2.19 5.79 
AMPE   3.34 1.32 3.01  3.68 1.32 3.29  3.47 1.49 3.14  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2). 
b) revDSD-PBEP86-D3 is excluded from the reported average. 

 

Table 2.3. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or basis sets (kcal/mol) for Li+–nucleobase and 
Li+–phosphate counterpoise-corrected DFT binding energies.a,b 

      6-311+G(3df,2p)   aug-cc-pVTZ   def2-TZVPP       

   Base PO4
–  Base PO4

–  Base PO4
–  AMUE ARMSE 

Family Functional   MUE RMSE UE   MUE RMSE UE   MUE RMSE UE   Base PO4
– Base 

Double-Hybrid B2-PLYP   1.02 1.16 0.46   1.31 1.46 0.54   1.11 1.22 1.17   1.15 0.73 1.28 

 B2-PLYP-D3  1.91 1.97 1.87  2.25 2.30 1.95  2.06 2.09 2.58  2.07 2.13 2.12 
 mPW2-PLYP  2.04 2.14 1.88  2.38 2.47 1.96  2.23 2.29 2.63  2.22 2.16 2.30 
 PBE-QIDH  0.86 0.86 1.24  1.08 1.12 1.35  0.82 0.84 1.63  0.92 1.41 0.94 
 PBE0-DH  1.51 1.62 2.21  1.75 1.95 2.30  1.52 1.67 2.65  1.59 2.39 1.75 

 revDSD-PBEP86-
D3  – – –  – – –  1.19 1.81 1.41  – – – 

RSH M11  2.38 2.64 3.08  2.39 2.63 2.94  2.47 2.73 2.87  2.41 2.96 2.67 
 MN12-SX  1.21 1.28 0.13  1.46 1.54 0.52  1.15 1.19 0.78  1.27 0.48 1.34 

 MN12-SX-D3  1.46 1.56 0.82  1.72 1.90 1.20  1.41 1.50 1.47  1.53 1.16 1.65 

RSH meta-
GGA ωB97M-V  1.25 1.32 1.33  1.49 1.56 1.24  1.45 1.51 2.13  1.40 1.56 1.46 

RSH GGA ωB97  0.49 0.68 0.90  0.72 0.75 0.83  0.51 0.68 0.39  0.57 0.71 0.70 
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Table 2.3. Continued. 

      6-311+G(3df,2p)   aug-cc-pVTZ   def2-TZVPP         
   Base PO4

–  Base PO4
–  Base PO4

–  AMUE ARMSE 

Family Functional   MUE RMSE UE   MUE RMSE UE   MUE RMSE UE   Base PO4
– Base 

 ωB97X  1.31 1.63 2.37  0.95 1.38 2.27  1.25 1.56 1.83  1.17 2.16 1.52 
 ωB97X-D  0.73 0.94 2.28  0.48 0.67 2.12  0.66 0.86 1.74  0.62 2.05 0.82 
 ωB97X-V  1.06 1.16 1.21  1.36 1.44 1.13  1.21 1.30 1.83  1.21 1.39 1.30 
 HSE06  1.79 1.95 1.78  2.01 2.25 1.82  1.85 2.04 2.36  1.88 1.99 2.08 
 HSE06-D3  2.58 2.73 3.00  2.92 3.06 3.04  2.70 2.84 3.58  2.73 3.21 2.88 
 LC-PBE  2.95 3.32 4.71  3.31 3.64 4.71  2.87 3.25 4.79  3.04 4.73 3.40 
 LC-ωPBE  1.42 1.62 2.14  1.67 1.91 2.11  1.46 1.67 2.48  1.52 2.24 1.73 

 LC-ωPBE-XDM  – – –  2.32 2.50 2.79  1.71 1.95 2.69  2.02 2.23 2.74  

 LC-ωPBE-D3  2.46 2.58 3.71  2.79 2.90 3.68  2.50 2.64 4.05  2.59 3.82 2.71 
 CAM-B3LYP  3.45 3.57 3.63  3.80 3.91 3.66  3.61 3.72 4.31  3.62 3.86 3.73 
 CAM-B3LYP-D3   4.48 4.55 5.05  4.83 4.90 5.08  4.64 4.71 5.73  4.65 5.28 4.72 

GH meta-
GGA M06  1.00 1.55 2.06  0.93 1.24 1.54  0.83 1.38 0.94  0.92 1.51 1.39 

 M06-2X  1.65 1.71 3.27  2.11 2.19 3.00  1.99 2.05 3.52  1.92 3.27 1.98 
 M06-HF  3.95 4.02 8.08  4.27 4.32 7.46  4.45 4.51 7.78  4.22 7.77 4.28 
 MN15  0.76 1.03 0.17  1.01 1.09 0.28  0.64 0.92 0.40  0.80 0.28 1.01 
 BMK  1.21 1.79 0.92  1.11 1.49 0.92  1.08 1.63 0.53  1.13 0.79 1.64 

GH GGA BH&HLYP  3.90 4.04 5.00  4.25 4.38 5.09  4.02 4.15 5.48  4.06 5.19 4.19 
 SOGGA11-X  1.81 1.95 1.91  2.25 2.35 2.25  1.95 2.05 2.69  2.01 2.28 2.12 
 B3PW91  0.80 1.05 0.32  1.01 1.11 0.24  0.82 1.02 0.20  0.88 0.25 1.06 
 B3PW91-D3  1.79 1.94 2.35  2.19 2.32 2.44  1.90 2.03 2.88  1.96 2.55 2.10 
 PBE0  2.40 3.03 1.87  2.61 3.23 1.94  2.53 3.26 2.51  2.52 2.11 3.17 
 PBE0-D3  2.92 3.23 3.17  3.25 3.50 3.24  3.13 3.47 3.81  3.10 3.41 3.40 
 B3LYP  1.99 2.23 1.32  2.35 2.57 1.38  2.19 2.39 2.12  2.18 1.61 2.40 
 B3LYP-D3  3.75 3.83 3.91  4.12 4.19 3.98  3.96 4.02 4.71  3.95 4.20 4.01 
 X3LYP  2.73 2.91 2.22  3.09 3.25 2.29  2.96 3.10 3.08  2.93 2.53 3.09 
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Table 2.3. Continued. 

      6-311+G(3df,2p)   aug-cc-pVTZ     def2-TZVPP     

   Base PO4
–  Base PO4

–  Base PO4
–  AMUE ARMSE 

Family Functional   MUE RMSE UE   MUE RMSE UE   MUE RMSE UE   Base PO4
– Base 

 X3LYP-D3  4.77 4.81 5.46  5.13 5.17 5.52  5.00 5.03 6.31  4.96 5.76 5.00 
 O3LYP  0.94 1.07 0.16  1.18 1.26 0.10  1.17 1.23 1.21  1.10 0.49 1.19 
 O3LYP-D3  2.90 2.95 4.14  3.27 3.31 4.20  3.39 3.42 5.51  3.19 4.61 3.23 
 B97-2  0.74 1.05 0.60  0.86 1.04 0.48  0.71 0.97 0.13  0.77 0.40 1.02 

Local meta-
GGA TPSS  1.03 1.13 0.10  1.25 1.43 0.13  1.12 1.26 0.89  1.13 0.37 1.27 

 TPSS-D3  2.17 2.24 1.92  2.53 2.59 1.95  2.35 2.41 2.71  2.35 2.19 2.41 
 M06-L  1.64 2.15 2.54  1.17 1.69 2.61  1.32 1.88 1.76  1.38 2.30 1.91 
 M11-L  1.59 1.99 1.45  1.18 1.66 0.99  1.72 2.08 1.37  1.50 1.27 1.91 
 MN12-L  1.36 1.39 0.15  1.70 1.78 0.74  1.35 1.37 0.97  1.47 0.62 1.51 
 MN15-L  1.40 1.61 2.15  0.94 1.26 2.00  0.91 1.06 0.66  1.08 1.60 1.31 

Local GGA mPW91  1.40 1.43 1.21  1.65 1.75 1.31  1.49 1.54 1.83  1.51 1.45 1.57 
 BLYP  1.16 1.33 1.46  1.28 1.55 1.44  1.21 1.44 0.29  1.22 1.06 1.44 
 BLYP-D3  2.83 2.96 1.62  3.20 3.32 1.64  3.16 3.25 2.80  3.06 2.02 3.18 
 BP86  1.64 1.96 3.38  1.23 1.64 3.35  1.50 1.81 2.65  1.45 3.12 1.80 
 BP86-D3  0.82 0.88 0.65  0.90 1.08 0.62  0.79 0.87 0.08  0.84 0.45 0.94 
 PBE  1.24 1.42 0.74  1.29 1.40 0.72  1.28 1.41 0.33  1.27 0.59 1.41 
 PBE-D3  1.50 1.72 0.58  1.88 2.06 0.60  1.77 1.93 1.65  1.72 0.94 1.90 

Local LDA SVWN5   3.68 4.10 3.33   4.08 4.46 3.34   3.78 4.18 4.06   3.85 3.57 4.25 

AMUE     1.92 – 2.15   2.11 – 2.16   2.00 – 2.44   – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2). 
b) revDSD-PBEP86-D3 is excluded from the reported average. 
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2.3.2.1. Double-Hybrid Functionals 

 For any given basis set and double-hybrid functional combination, the AMUE and 

ARMSE for nucleic acid interactions fluctuate from ~ 0.9 to 2.4 kcal/mol. The best 

performing double-hybrid functionals across all Li+–nucleic acid interactions and the three 

basis sets are PBE-QIDH (1.46% AMPE) and B2-PLYP (1.77% AMPE). Although PBE-

QIDH (1.58% nucleobases AMPE, 0.86% phosphate AMPE) is the best functional for Li+–

nucleobase interactions, B2-PLYP (2.04% nucleobases AMPE, 0.44% phosphate AMPE) 

demonstrates improved performance for Li+–phosphate interactions. The worst performer 

of this family is mPW2-PLYP, with the AMPE (3.46%) being more than two times those of 

the most accurate double-hybrid approaches and the ARMSE being the largest (2.3 

kcal/mol). The AMPEs for the remaining double-hybrid functionals tested in the present 

work range from ~ 2.50 to 3.30%. Although not tested for our full complement of basis 

sets, we note that revDSD-PBEP86-D3(BJ)120 combined with the def2-TZVPP basis set 

results in an MPE of 1.70%, suggesting this is also a reasonably performing double-hybrid 

functional. 

 

2.3.2.2. Range-Separated Hybrids (RSH), RSH meta-Generalized Gradient 

Approximation (GGA), and RSH GGAs 

The performances of three functional subcategories are combined under the broad 

RSH classification. Across all Li+–nucleic acid interactions and basis sets, the best 

performing RSH functionals include ωB97 (0.94% AMPE and 0.7 kcal/mol ARMSE) and 

ωB97X-D (1.15% AMPE and 0.82 kcal/mol ARMSE). While ωB97 and ωB97X-D are 

similar in performance for Li+–nucleobase interactions, ωB97 results in a lower AMPE for 

phosphate interactions (0.43%) compared to ωB97X-D (1.25%). Interestingly, the ωB97 
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series generally outperforms all other functionals within this family. Indeed, the top 4 

performers of the ωB97 series surpass the accuracy of other functionals in this family, with 

only MN12-SX (1.99% AMPE) approaching the accuracy of ωB97. The least accurate 

members of the broad RSH family are CAM-B3LYP-D3(BJ) and CAM-B3LYP (7.28% and 

5.61% AMPE, respectively). In fact, the error is over 6 times greater for CAM-B3LYP-

D3(BJ) compared ωB97. Furthermore, both worst performers lead to higher ARMSEs  

(3.73 – 4.72 kcal/mol). The AMPEs for the remaining functionals fall within ~ 2.4 to 4.7%.  

 

2.3.2.3. Global Hybrid (GH) meta-GGA 

In general, the AMPE for GH meta-GGAs ranges from 1.24 to 6.82% across all 

Li+–nucleic acid interactions and the ARMSE varies from 1 to 4.28 kcal/mol. Within this 

family, four of the five tested functionals fall under the Minnesota formalism, two of which 

performed particularly well. Specifically, the best performer is MN15 (1.24% AMPE and 

1.01 kcal/mol ARMSE). The accuracy of MN15 is followed by that of M06 (1.58% AMPE 

and 1.39 kcal/mol ARMSE) and BMK (1.76% AMPE and 1.64 kcal/mol ARMSE). 

Although both functionals similarly describe nucleobase interactions, BMK yields slightly 

improved Li+–phosphate interaction energies over M06. M06-2X displays mid-range 

performance (3.09% AMPE) and M06-HF is by far the worst performer of the GH meta-

GGA family (6.82% AMPE and 4.28 kcal/mol ARMSE).  

 

2.3.2.4. Global Hybrid (GH) GGA 

The GH GGA functional family demonstrates the greatest fluctuation in accuracy 

across all functional classifications, with the AMPE ranging from 1.26 to 7.83% and the 

ARMSE varying from ~ 1 to 5 kcal/mol. The best performer of the GH GGA family is  
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B97-2 (1.26% AMPE), which is closely followed by B3PW91 (1.39%), with both 

functionals having an ARMSE of ~ 1 kcal/mol. While B97-2 more accurately predicts Li+–

nucleobase binding strengths compared to B3PW91 (1.47% and 1.64% AMPE, 

respectively), B3PW91 (0.16% AMPE) marginally outperforms B97-2 (0.24%) for 

phosphate interactions. O3LYP binding strengths are also quite reliable (1.73% AMPE and 

1.19 kcal/mol ARMSE). The worst performer of this functional family is X3LYP-D3 

(7.83% AMPE), which results in an over 6 times greater AMPE compared to B97-2. The 

AMPE for the remaining functionals falls within the range of ~ 3.1 to 6.4%. 

 

2.3.2.5. Local meta-GGA 

For local meta-GGA functionals, the AMPE ranges from 1.70 to 3.68%, while the 

ARMSE varies from ~ 1.3 to 2.4 kcal/mol. The most accurate functionals in this family 

include TPSS (1.70% AMPE; 1.27 kcal/mol ARMSE) and MN15-L (1.75% AMPE;  

1.31 kcal/mol ARMSE). While both functionals perform similarly, MN15-L describes Li+–

nucleobase interactions slightly better than TPSS (1.91% versus 2.00% AMPE, 

respectively), while the trend is reversed and the performance gap larger for Li+–phosphate 

interactions (0.98% and 0.23% AMPE). All remaining Minnesota meta-GGA functionals 

tested (M06-L, M11-L and MN12-L) yield comparable accuracy, with an AMPE ranging 

from 2.21 to 2.31%. The worst performer in this family is TPSS-D3 (3.68% AMPE and 

2.41 kcal/mol ARMSE). 

 

2.3.2.6. Local GGA and Local Density Approximation (LDA) 

The most accurate local GGA functional for Li+–nucleobase and phosphate contacts 

is BP86-D3 (1.34% AMPE; ARMSE 0.94 kcal/mol), followed by PBE (1.93% AMPE;  
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1.41 kcal/mol ARMSE). The worst performer is BLYP-D3 (4.79% AMPE; 3.18 kcal/mol 

ARMSE), while the AMPE for the remaining functionals ranges between ~ 2 and 2.6%. 

Although BLYP-D3 (5.50% AMPE for nucleobases; 1.23% AMPE for phosphate) is the 

least reliable method for nucleobase contacts, BP86 leads to larger errors for phosphate 

interactions (2.52% AMPE for nucleobases; 1.91% AMPE for phosphate). The accuracy of 

SVWN5 (5.79% AMPE; 4.25 kcal/mol ARMSE) is extremely poor, which is expected from 

the lowest rung of Jacob’s Ladder.  

 

 

Figure 2.4. MPEs for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT 
binding energies evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and 
def2-TZVPP (blue) basis sets relative to CCSD(T)/CBS reference values. 

 

2.3.2.7. Dispersion Effects 

As mentioned in the Introduction, the impact of an empirical dispersion correction 

was considered by adding Grimme’s D362,63 correction with Becke–Johnson damping 

(BJ)49 to 15 functionals (denoted D3 for simplicity; Table 2.1, Figures 2.5, and A.5–A.6, 

Appendix A). The accuracy of functionals that include the empirical dispersion correction 
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fluctuates considerably and tend to over bind Li+–nucleic acid interactions. The overall best 

performing D3 corrected functional is BP86-D3 (1.34% AMPE). In contrast, X3LYP-D3 

(7.83% AMPE), CAM-B3LYP-D3 (7.28% AMPE), and B3LYP-D3 (6.22% AMPE) poorly 

describe both Li+–nucleobase and Li+–phosphate interactions. Perhaps most interestingly, 

with only one exception, the DFT-D3 variants perform worse than the corresponding 

uncorrected functionals across all nucleobases and phosphate contacts, with the increase in 

AMPE ranging from ~ 0.4 to 3.4%. A similar trend was reported in a previous study of the 

ability of DFT methods to reliably describe ionic hydrogen bonding between organic 

molecules.121 The greatest decline in performance occurs for X3LYP-D3 and O3LYP-D3 

(AMPE increases by > 3% and ARMSE by > 2 kcal/mol). The exception to this trend is 

BP86, where inclusion of the D3 correction slightly improves the predicted binding 

strengths (AMPE decreases from 2.41% to 1.34%; ARMSE from 1.80 to 0.94 kcal/mol). 

In addition to the D3 empirical correction, nonlocal dispersion corrections to ωB97 and 

ωB97X were considered through the ωB97M-V and ωB97X-V functionals, as well as the 

D2 correction (ωB97X-D). The only correction in this group that closely maintains the 

accuracy of ωB97 is ωB97X-D, which increases the AMPE by only 0.21%. Interestingly, 

ωB97X-V (1.84% AMPE) offers only a modest improvement over ωB97X (1.96% AMPE). 

Finally, the exchange-hole dipole dispersion moment correction, LC-ωPBE-XDM, leads to 

a very modest (0.32%) increase in accuracy over the uncorrected LC-ωPBE counterpart 

(Figure S7). Thus, overall, dispersion corrections most often decrease or lead to very little 

improvement in the accuracy of lithium–nucleic acid interactions, which has also been 

previously reported in previous DFT benchmark study that investigated ligand dissociation 

energies of transition-metal complexes.122 
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Figure 2.5. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate counterpoise 
and dispersion-corrected DFT binding energies relative to CCSD(T)/CBS reference values. 
 
 
2.3.2.8. Comparison Across Families 

We find significant variation in the ability of particular functionals to accurately 

predict Li+–nucleobase and Li+–phosphate binding energies across and within families 

(Figure 2.6). Nevertheless, there are functionals in most rungs of Jacob’s ladder with 

AMPEs below 2%, which represents an ~0.5–1.5 kcal/mol difference from the 

CCSD(T)/CBS reference values for nucleobase contacts and an ~3 kcal/mol discrepancy 

for phosphate interactions. These reliable functionals include double-hybrids (the non-

empirical PBE-QIDH and the semi-empirical B2-PLYP), semi-empirical RSHs (ωB97, 

ωB97X-D, ωB97X-V and ωB97X) and the screened exchange MN12-SX, semi-empirical 

GH meta-GGAs (MN15, M06 and BMK), semi-empirical GH GGAs (B97-2, B3PW91 and 

O3LYP), local meta-GGAs (the non-empirical TPSS and semi-local MN15-L), and local 

GGAs (the semi-empirical BP86-D3 and BLYP, and the non-empirical PBE, Figure 2.6). It 

is interesting to note that there are cost-effective functionals from the lower rungs of Jacob’s 
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Ladder, including meta-GGAs and GGAs, that can be applied to investigate larger Li+–

nucleic acid interactions.  

In general, the RSH GGA family includes a number of reliable functionals, with 4 

methods (all in the ωB97 series) having an AMPE < 2%. The ωB97 series of functionals 

has been previously highlighted to accurately predict many properties,123 including 

lithium–benzene cation–π interactions.45 Among the GH meta-GGA functionals, while 

MN15 is the top performer (1.24% AMPE), M06 is noteworthy and has been similarly 

highlighted in benchmark studies for a range of other properties.123 The GH GGA family 

demonstrates the most significant fluctuation in performance (1.26 to 7.83% AMPE). 

Interestingly, not all double-hybrid functionals are among the best performers. In fact, 

mPW2-PLYP has an ARMSE of 2.30 kcal/mol. Nevertheless, PBE-QIDH yields highly 

accurate descriptions of Li+–nucleic acid interactions (1.46% AMPE and 0.94 kcal/mol 

ARMSE), and has been highlighted as a reliable functional for describing  lithium 

polysulfide complexes in a previous benchmark study.44 Comparing across the 6 families, 

there is not a clear trend in the accurate description of Li+–nucleic acid interactions based 

on the amount of Hartree–Fock (exact) exchange or the fraction of MP2 correlation 

included. For example, despite B2-PLYP and mPW2-PLYP having a similar amount of 

exact exchange (53% and 55%) and MP2 correlation (27 and 25%), B2-PLYP is the second-

top performer among the double-hybrids, while mPW2-PLYP is the worst functional in this 

family. Furthermore, although B3PW91, B3LYP, X3LYP and B97-2 in the GH GGA family 

have similar amounts of exact exchange (~ 20–21%), the corresponding AMPEs vary from 

1.26–4.53%. 

Despite the good performance of certain methods within each functional family, 

particular functionals from each class also tend to be unreliable. For example, the AMPE 



58 
 

for B3LYP-D3, BH&HLYP and M06-HF is greater than 6%, while that for CAM-B3YLP-

D3 and X3LYP-D3 exceeds 7%. Although B3LYP (3.35% AMPE) has been widely used in 

other computational studies of Li+–nucleic acid interactions,27,29-32,34,35,37 our work 

highlights that several other functionals provide improved descriptions of Li+–nucleic acid 

complexes.  

 

 

Figure 2.6. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate counterpoise-
corrected DFT binding energies relative to CCSD(T)/CBS reference values arranged in 
ascending order of accuracy within families. 

 

2.3.3. The Impact of Basis Sets on DFT Predicted Binding Strengths 

As previously illustrated by the heat maps (Figure 2.3), the three triple-zeta basis 

sets considered in the present work (6-311+G(3df,2p), aug-cc-pVTZ and def2-TZVPP) 

exhibit similar accuracy with respect to the CCSD(T)/CBS Li+–nucleobase and Li+–

phosphate interactions (Tables 2.2 and 2.3, Figure 2.4). Specifically, the AMPE across all 

functionals equals 3.01% for 6-311+G(3df,2p), 3.29% for aug-cc-pVTZ and 3.14% for 

def2-TZVPP. Furthermore, all three basis sets are equally reliable for nucleobase contacts 
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(AMUE ~1.9–2.1 kcal/mol) and phosphate interactions (AMUE ~2.2–2.4 kcal/mol). 

Nevertheless, the AMPE significantly varies with the functional choice for each basis set, 

ranging from 0.85 to 7.52% for 6-311+G(3df,2p), 0.93 to 8.06% for aug-cc-pVTZ, and 0.80 

to 7.93% for def2-TZVPP.  

To further investigate the impact of the chosen basis set on Li+–nucleobase and Li+–

phosphate interactions, we considered the effect of decreasing the TZ basis set to DZ quality 

and increasing the TZ basis set to a QZ for the Dunning and Karlsruhe families. Overall, 

the accuracies of the TZ and QZ basis sets are very similar for the vast majority of 

functionals (Figures 2.7 and A.10, Tables A.3–A.10, Appendix A), with AMPEs across all 

functionals being 3.29% for aug-cc-pVTZ compared to 3.62% for aug-cc-pVQZ, and 

3.15% for def2-TZVPP compared to 3.51% for def2-QZVPP. Furthermore, both TZ and 

QZ basis sets exhibit similar reliability for the description of Li+–nucleobase (MUEs 1.99–

2.31 kcal/mol) and Li+–phosphate (MUEs 2.16–2.73 kcal/mol) contacts. Interestingly, a 

size reduction of the Dunning basis set results in a notable improvement in the DFT 

description of the Li+–nucleic acid interactions, with aug-cc-pVDZ (AMPE = 2.54%) 

outperforming aug-cc-pVTZ and aug-cc-pVQZ for most functionals, suggesting a 

cancellation of errors for the DZ basis set. In contrast, there is a significant reduction in the 

accuracy of def2-SVP (4.72% AMPE) compared to def2-TZVPP (3.15% AMPE), likely 

due to the much smaller size of this DZ basis set. Overall, due to the similar performance 

of the TZ and QZ basis sets and the sporadic accuracy of the DZ variants, basis sets of at 

least TZ quality are recommended as the best cost–performance solution for the accurate 

prediction of Li+–nucleic acid interactions, while smaller basis sets in the Dunning family 

can be used for larger nucleic acid systems that prohibit the application of TZ quality basis 

sets. 
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Figure 2.7. AMPEs as a function of the Dunning basis set size for Li+–nucleobase and Li+–
phosphate counterpoise-corrected DFT binding energies relative to CCSD(T)/CBS 
reference values. 

 

2.3.4. The Impact of Counterpoise Corrections on DFT Predicted Binding Strengths 

Although all reported interaction energies discussed thus far include counterpoise 

corrections, it is intriguing to consider the performance of DFT functionals without these 

corrections, which are not always computationally feasible when modeling larger 

biosystems. In general, all trends discussed previously for Li+–nucleobase and Li+–

phosphate interactions are maintained regardless of whether counterpoise corrections are 

included in the predicted binding energies (Figures 2.8, A.7–A.9 and A.11–A.13, Tables 

A.1–A.2, A.5–A.6 and A.9–A.10, Appendix A). As DFT methods typically over bind Li+–

nucleic acid complexes, it is not surprising that removal of the counterpoise correction 

predominantly decreases the accuracy of the computed binding strengths compared to 

CCSD(T)/CBS values (Figures 2.3 and A.8, Appendix A). Nevertheless, certain functionals 

(ωB97X, ωB97X-D, BMK, M06-L, M11-L, MN15-L and BP86) demonstrate slight 

improvement upon removal of the counterpoise correction (AMPE decreases by  
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0.02 – 0.82%; ARMSE by 0.1 – 1.9 kcal/mol), most likely due to a cancellation of errors. 

Furthermore, the trends in functional performance are unchanged (Figures 2.4–2.6, 2.8, and 

A.7–A.9, A.11, Appendix A). Indeed, empirical dispersion corrections generally do not 

improve the accuracy of the predicted binding strengths (Figure 2.8) and each functional 

family contains both good and poor performing methods (Figure A.9). Most importantly, 

the removal of the counterpoise correction increases the AMPE by less than 1% for all 

functionals with any of the three basis sets (Figures 2.8, and A.11–A.13, Appendix A), with 

the exception of only M06-HF (6-311+G(3df,2p) and aug-cc-pVTZ) and O3LYP-D3 (def2-

TZVPP). This suggests that the binding energies of Li+–nucleic acid systems can be reliably 

evaluated using triple-zeta basis sets in the absence of correcting for the BSSE. 

 

 

Figure 2.8. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate DFT binding 
energies with (dark purple) and without (light purple) counterpoise corrections included 
relative to CCSD(T)/CBS reference values. 
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2.3.5. The Ability of DFT to Predict the Preferred Nucleobase and Phosphate Binding 

Locations 

In addition to understanding whether DFT methods can broadly reproduce the 

magnitude of CCSD(T)/CBS binding strengths for Li+–nucleobase and Li+–phosphate 

interactions, it is important to analyze the trends in the computed DFT interaction energies 

across nucleic acid components and binding sites. Due to the large number of functional 

and basis set combinations considered in the present work, these trends were investigated 

by more closely examining the interaction energies calculated using the top two performing 

functionals in each family (namely B2-PLYP, PBE-QIDH, ωB97, ωB97X-D, M06, MN15, 

B3PW91, B97-2, TPSS, MN15-L, BP86-D3 and PBE) and the aug-cc-pVTZ basis set, 

which was arbitrarily chosen based on the comparable performance of all basis sets 

employed in the present work.  

The Li+–nucleic acid complexes were initially subdivided into those involving 

direct metal coordination and those involving cation–π interactions (Tables A.11 and A.12, 

Figures 2.9 and A.14, Appendix A). Although the AMPE in the DFT binding strengths for 

complexes involving the favored coordination sites are below 2% for all functionals and as 

low as 0.93% for the top performer (ωB97X-D), greater fluctuation in the AMPE occurs 

for other (nonpreferred) coordination sites, which ranges from ~ 0.6 to 3.4%. Nevertheless, 

all functionals except M06 and MN15-L result in an AMPE across all Li+ coordination sites 

below 2%, which is equivalent to an error in the computed binding strength of < 1 kcal/mol 

for nucleobase contacts and ~3 kcal/mol for phosphate interactions. This underscores that 

there are many reliable functionals from each family for direct Li+–nucleobase 

coordination, including more computationally feasible functionals that can be applied to 

larger Li+–nucleic acid complexes.  
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The AMPE for cation–π interactions is larger than that for direct coordination for 

all functionals. In fact, the AMPE for cation–π contacts is well above 3% for all functionals 

except B2-PLYP, PBE-QIDH, ωB97X-D and MN15-L, being as large at 8% for M06. 

Interestingly, there is significant variation between ωB97 (7.80% AMPE) and ωB97X-D 

(3.26% AMPE) in the description of cation–π interactions, which may be attributed to a 

combination of the increased amount of short-range exchange (by 22.2%, with 0% for 

ωB97) and the added atom–atom dispersion corrections. Nevertheless, the addition of 

empirical dispersion corrections does not necessarily result in improved descriptions of 

cation–π interactions. This correlates with previous benchmark studies of alkali metal 

cation–benzene complexes that revealed certain functionals with empirical dispersion 

corrections overbind cation–π interactions.62,124 These examples illustrate that care must be 

taken when selecting a functional to examine nucleic acid systems where a range of 

interaction types may occur. Nevertheless, PBE-QIDH (1.26% AMPE), B2-PLYP (1.78%) 

and ωB97X-D (2.06%) have a low AMPE across all types of Li+–nucleic acid complexes, 

which complements the greater functional choice when cation–π interactions are not 

prevalent.  
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Figure 2.9. AMPEs across the favored nucleic acid coordination sites (dark purple), other 
(nonpreferred) coordination sites (medium purple), all coordination sites (light purple), 
only cation–π interactions (dark blue) and all binding locations (including cation–π, 
medium blue) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding 
energies evaluated with the aug-cc-pVTZ basis set relative to CCSD(T)/CBS reference 
values. 

 

Direct comparison of the predicted binding strengths for all Li+–nucleic acid 

interactions reveals a highly similar trend for CCSD(T) and DFT (Figure 2.10).  Indeed, 

when each nucleic acid component is considered, the CCSD(T)/CBS trends in the 

interaction energies for different coordination sites are well preserved for all 12 DFT 

methods (Figures 2.10 and A.15–A.21, Appendix A). Indeed, the overall agreement persists 

across sites with interaction energies falling within the more limited range of  

~ 40 – 50 kcal/mol (Figure S20), although DFT functionals predict U and T binding to be 

(albeit slightly) more favorable than A (Figure A.21, Appendix A). As a result, regardless 

of the functional considered, Li+ is predicted to bind most strongly to the phosphate 

backbone (Figure 2.10) and the interaction energy for the preferred coordination site for 

each nucleobase decreases as G > C >> A ∼ T = U (Figure A.21, Appendix A). Thus, DFT 



65 
 

methods can accurately reproduce the CCSD(T)/CBS predicted trends in the preferred 

nucleic acid component and coordination site.  

 

Figure 2.10. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all Li+–nucleobase and Li+–phosphate complexes. 

 

2.3.6. The Ability of DFT to Describe the Structure of Li+–Nucleic Acid Complexes 

Although MP2 geometries were used in the present work to provide a consistent 

framework for the comparison of the DFT predicted binding energies, MP2 optimizations 

are not feasible for the larger Li+–nucleic acid complexes required to understand the impact 

of the metal in biology or to design metal detection platforms. Therefore, to consider the 

impact of using DFT predicted structures on Li+–nucleic acid interactions, the 12 top-

performing functionals identified in the previous section were used in combination with 

aug-cc-pVTZ to optimize the most stable Li+–nucleobase and Li+–phosphate complexes. 

Subsequently, the PE for the DFT predicted interaction energies obtained using the MP2 

and DFT optimized geometries were evaluated (Figure A.22 and Table A.13, Appendix A). 

The resulting highly similar Li+–nucleic acid interaction energies reflect the negligible 
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difference between the MP2 and DFT optimized structures. Indeed, most differences in the 

AMPEs for the binding energies fall between 0.02 and 0.08%, while the greatest difference 

in the AMPE is only 0.17% for MN15-L, which is followed by 0.12% for BP86-D3 and 

0.11% for PBE. Furthermore, for any given complex, the error is less than 0.40% (MN15-

L for Li+–U). Therefore, we are confident that the functionals identified in the present work 

accurately describe the energetic properties of Li+–nucleic acid interactions and can be used 

to obtain structural properties for larger nucleic acid systems. 

 

2.4. Conclusions 

In summary, a database of CCSD(T)/CBS Li+–nucleobase and Li+–phosphate 

binding energies has been generated and used to test the performance of 54 DFT functionals 

including those with empirical dispersion corrections. The results demonstrate that both 

good and poor performers exist within each functional family. Specifically, an AMPE 

below 2% is observed within all rungs of Jacob’s ladder (except for LDA), while all families 

(except for the double-hybrids) have at least one functional yielding an AMPE above 5%. 

Interestingly, the dispersion-corrected functionals typically lead to slightly larger AMPEs 

(by ~0.4 to 3.4%). In general, all three tested triple-zeta basis sets yield similar performance 

(AMPEs within ~0.1–0.3%). Furthermore, expansion to quadruple-zeta quality does not 

significantly impact functional performance, while the performance of the double-zeta 

basis sets depends on the family. Although the above conclusions are based on binding 

energies that include counterpoise corrections, the impact of BSSE is minimal (less than 

1% change in AMPE). Overall, there are multiple functionals that perform well across all 

families for direct Li+ coordination including those from the double-hybrids (B2-PLYP and 



67 
 

PBE-QIDH), RSH variants (ωB97, ωB97M-V, and ωB97X-D), GH meta-GGAs (M06 and 

MN15), GH GGAs (B3PW91 and B97-2), local meta-GGAs (TPSS and MN15-L) and 

GGAs (BP86-D3 and PBE). Nevertheless, Li+–nucleobase cation–π interactions are more 

difficult to describe than direct nucleic acid coordination. Therefore, functionals must be 

carefully selected to describe biosystems that include such contacts, with PBE-QIDH,  

B2-PLYP and ωB97X-D being the best performers across all types of Li+–nucleic acid 

interactions. Among the top three performing functionals, PBE-QIDH is the most accurate, 

albeit computationally more expensive, while ωB97X-D offers an affordable alternative. 

Importantly, DFT methods also generally reproduce the CCSD(T)/CBS predicted trends in 

the preferred binding site for a given nucleic acid component as well as the global trend 

across different components (i.e., phosphate >> G > C >> A ∼ T = U).  

Overall, this work provides the first highly accurate energetic data for a range of 

Li+–nucleic acid interactions, which is critical for the future development of reliable 

parameters for large-scale MD simulations as existing parameters have been called into 

question.41 Furthermore, our new data set has been used to identify dependable DFT 

methods for the investigation of similar interactions in larger biosystems, which will permit 

future QM/MM studies to understand the behavior of Li+ in biology and aid the design of 

new sensing platforms for lithium detection and extraction.  
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Chapter 3: Generation of an Accurate CCSD(T)/CBS Data Set and Assessment of 

DFT Methods for the Binding Strengths of Group I Metal–Nucleic Acid Complexes 

Preface: The contents of this chapter have been published [Boychuk, B. T. A.; Meyer, S. 

P.; Wetmore, S. D. Generation of an Accurate CCSD(T)/CBS Data Set and Assessment of 

DFT Methods for the Binding Strengths of Group I Metal–Nucleic Acid Complexes. Front. 

Chem. 2023, 11].  
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3.1. Introduction 

Metal ions are utilized in various aspects of life. For example, metals are involved 

in basic biological functions, useful for the design of new energy storage materials, and are 

integral to the development of pharmaceutical drugs to treat diseases.1-3 Group I metals in 

particular play critical roles and are actively exploited in such applications.4 For example, 

Na+ and K+ are essential cofactors for maintaining the structure and function of nucleic 

acids, stabilizing cell membranes, and aiding ATP utilization.5, 6 Additionally, Na+ is 

commonly used in body soaps, while K+ is used in laundry detergents.7, 8 On the other hand, 

Li+ is used in clean energy initiatives, including the production of lithium-ion batteries,9 

and in drugs to treat bipolar disorders.10 Rb+ and Cs+ have been utilized in perovskite 

materials to produce enhanced solar cells.11  

Despite their usefulness in our lives, an overabundance of group I metals can occur 

in our food sources and drinking water through industrial processes such as mining, waste 

dumping, and emissions from industrial plants.12 As a result, group I metals can accumulate 

in the environment and human body, which causes various detrimental effects. In the human 

body, high levels of Li+ can result in cerebellar or renal dysfunction.13 Alternatively, an 

imbalance of Na+ and K+ can lead to hypertension, which may cause a stroke or heart 

disease.14 On the other hand, Rb+ and Cs+ are known to be mildly toxic, having the ability 

to displace K+ and interfere with cellular functions.15 As a specific example, increased 

levels of Rb+ or Cs+ in the brain have been correlated with the onset of Parkinson’s 

disease.16 Since group I metals are involved in different aspects of ecological and human 

biology, as well as disease progression, it is important to understand how these metals 

interact with biomolecules (e.g., nucleic acids and proteins).  
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In addition to answering interesting questions in biology, investigating interactions 

between group I metals and nucleic acids in particular is key to unlocking many new 

applications. For example, the development of novel biomaterials holds promise in the 

energy sector. Specifically, nucleic acids have been explored as a way to enhance lithium–

sulfur batteries.17 Alternatively, there is increasing interest in the design of nucleic acid 

biosensors to detect toxic metals in the environment or body.15 Indeed, nucleic acids have 

advantageous metal binding properties, inherently possessing numerous metal binding sites 

that exhibit varying binding affinities and having the ability to fold into diverse 3D 

architectures that afford unique metal-binding pockets (e.g., G-quadruplexes and helical 

junctions).15 As a result, multiple nucleic acid sensors have been designed to target metal 

ions. For example, DNAzymes are currently available in the market to selectively sense 

Pb2+,18 while an aptamer has been designed to specifically target Cd2+.19 Among group I 

metals, the NaA43 DNAzyme has been shown to target Na+ in the presence of other  

mono-, di-, and trivalent metals.20 However, although nucleic acid sensors have also been 

designed for K+ and Cs+,15, 21 these solutions are not exclusive for the given metal15, 21, 22 

and/or detailed testing of their function in the presence of a wide range of metals has yet to 

be done, and no sensors have been made to date for other group I metals. Therefore, more 

work is necessary to establish functional nucleic acid sensors for group I metals, as well as 

exploit metal–nucleic acid interactions in other applications such as new materials for 

energy storage. 

As a first step to understanding the roles of metals in nature and designing nucleic 

acid sensors or novel energy storage materials, among other applications, fundamental 

information about the structure and binding energies of metal–nucleic acid complexes is 

required. Although early experimental studies used the kinetic method approach to estimate 
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the gas-phase binding energies between Li+, Na+, or K+ and each canonical DNA/RNA 

nucleobase,23 this technique is unable to yield absolute metal ion binding affinities due to 

the required use of a reference, with unique references employed for different metals also 

preventing cross-comparisons between metals and/or nucleic acid components.24, 25 While 

the absolute gas-phase binding energies of Li+, Na+ or K+ to A, C, T, or U, and Rb+ or Cs+ 

to C were determined using threshold collision-induced dissociation (TCID),24-26 

limitations exist in these studies at least in part due to the lack of structural information 

regarding the complexes formed and missing metal–nucleobase combinations. TCID 

measurements can also lack sensitivity, with Li+ having been deemed particularly 

challenging due to a low mass-to-charge ratio and high velocity that results in ineffective 

metal trapping.27 Furthermore, there is a high risk of nucleobase tautomerization,25, 26 which 

may result in complexes that are not relevant to DNA/RNA present in biosystems or nucleic 

acid-based applications. Although infrared multiple photon dissociation (IRMPD) 

spectroscopy has also been used to gain information about the complexes formed between 

Li+, Na+, K+, Rb+, or Cs+ bound to A,28 as well as mono- or dihydrated Li+ bound to T or 

U,29, 30 the method necessitates the use of computational methods (B3LYP) to obtain the 

corresponding structures and binding energies. Thus, atomic level information that 

unequivocally correlates the structures and binding energies for the complete set of possible 

group I metal–nucleic acid complexes is still required.  

To fill in knowledge gaps and complement previous experimental work on group I 

metal–nucleic acid interactions, several computational studies have been performed.24, 28-37 

For example, MP2 has been used to investigate the gas-phase structure and stability of 

select group 1–nucleobase complexes.24, 33, 36, 37 However, all possible complexes for each 

nucleobase and nucleobase binding sites have not been systematically explored in this 
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capacity. B3LYP has been more recently used to investigate a more complete set of group 

1 metal–nucleobase complexes 28-30, 33-35, but the reliability of DFT (especially the popular, 

nondispersion-corrected B3LYP) for the binding affinities of group I metals to various 

nucleic acid sites remains ambiguous. Although a computational study has provided 

CCSD(T) reference binding strengths at the complete basis set limit (CBS) for Li+ 

interactions with A, C, G, T, U, or the phosphate moiety, as well as tested the performance 

of 54 DFT methods (Chapter 2),31 the remaining group I metal–nucleic acid complexes 

have yet to be explored. Structural and energetic evaluation of complexes involving the 

remaining group I metals with a high-level of theory is essential for providing accurate 

chemical information that is currently missing from experimental data sets. Furthermore, it 

is necessary to establish reliable functionals for the entire group due to known variations in 

functional performance across different metals.38-40   

To gain fundamental insight into the structures and binding energies of group I 

metal–nucleic acid complexes as well as identify DFT methods that can accurately describe 

these interactions for future applications, the present work generates a complete data set of 

gas-phase binding strengths for group I metal–nucleic acid complexes, which has proven 

challenging for experimental determination. Specifically, the binding energies of each 

metal to each canonical DNA/RNA nucleobase (A, C, G, T, and U) and a model for the 

phosphate moiety (dimethyl phosphate; Figure 3.1) are calculated using CCSD(T) 

extrapolated to the CBS limit. Subsequently, 61 DFT methods (Table 1) across different 

functional families according to the metaphorical ‘Jacob’s Ladder’ are tested for their 

ability to reproduce the CCSD(T)/CBS results. The most reliable and robust DFT methods 

identified from this work can be applied in future studies to uncover the roles of group I 

metals in biology, guide the rational design of nucleic acid sensors to target metals in the 
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environment and the human body, and construct new energy storage materials. The highly-

accurate data set generated in the present work can also be used to test new functionals and 

develop new parameters for molecular dynamics (MD) simulations to expand 

computational studies of group I metal–nucleic acid complexes more broadly.  

 

 

Figure 3.1. Group I metals and nucleic acid components considered in this study. Structure 

and chemical numbering provided for nucleic acid components (B = bridging and NB = 

nonbridging oxygen in the dimethyl phosphate model). 

 

 

Table 3.1. Functionals tested for their ability to describe group I metal–nucleic acid 

interactions. 
Family Functional D3a D4a %HFb %MP2 Ref. 

Double-Hybrid B2-PLYP X  53 27 41 
 

mPW2-PLYP   55 25 42 
 

PBE-QIDH   69 33.4 43 
 

PBE0-DH   50 12.5 44 

 DSD-PBEP86   68 (51,23)d 45 

RSH M11 
 

 42.8–100c 
 

46 
 

MN12-SX X  25–0c  47 

RSH meta-GGA ωB97M-V 
 

 15 
 

48 
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Table 3.1. Continued. 

Family Functional D3a D4a %HFb %MP2 Ref. 

RSH GGA ωB97 
 

 
  

49 
 

ωB97X X X 16  49 
 

ωB97X-D   22  50 
 

ωB97X-V   16.7  51 

 HSE06 X  25–0b  52-58 
 

LC-PBE     59, 60 
 

LC-ωPBE X    61-63 
 

CAM-B3LYP X  19–65b  64 

GH meta-GGA M06 
 

 27 
 

65 
 

M06-2X   54  65 
 

M06-HF   100  66 
 

BMK   42  67 
 

MN15   44  68 

 PW6B95   28  69 

GH GGA BH&HLYP 
 

 50 
 

70 
 

SOGGA11-X   40.15  71 
 

B3PW91 X  20  72 
 

PBE0 X  25  73 
 

B3LYP X X 20  72, 74 
 

X3LYP X  21  75 
 

O3LYP X    76 

 TPSSh   10  77, 78 
 

B97-2   21  79 

Local meta-GGA TPSS X X 
  

80 

 revTPSS     81, 82 
 

M11-L     83 
 

M06-L     84 
 

MN12-L     85 
 

MN15-L     86 

Local GGA mPW91 
 

 
  

87 
 

BLYP X    74, 88, 89 
 

BP86 X    74, 88 
 

PBE X X   59 

Local LDA SVWN5 
 

 
  

90 

aFunctionals indicated by an X were considered with and without the D3(BJ) or D4 empirical dispersion correction. 
bPercentage of Hartree-Fock exchange (%HF). cThe first value is the %HF at short range and the second value is the %HF 

at long range. dThe MP2 component of this functional is calculated using the spin-component-scaled formulism and the 

two values represent opposite- and same-spin values, respectively. 
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3.2. Computational Methodology 

Models were constructed by placing a group I metal (Li+, Na+, K+, Rb+, or Cs+) at 

each potential binding site of each nucleobase (A, C, G, T, or U) or the phosphate 

component (Figure 3.1). Dimethyl phosphate was used to represent the phosphate moiety, 

which places methyl caps at the location of the connecting sugars to prevent self-

interactions between a hydrogen cap and the phosphate moiety, and has been applied in 

previous work investigating metal–phosphate interactions in the context of nucleic 

acids.31, 91 Although previous work used MP2/aug-cc-pVTZ to optimize Li+–nucleic acid 

complexes (Chapter 2),31 all metal–nucleic acid complexes investigated in the present work 

were optimized with MP2(full)/def2-TZVPP for consistency between the metals, with the 

def2 series being the best basis sets available for heavier group I metals. Frequency 

calculations were subsequently performed to confirm stable minima. The MP2 geometries 

were used for all subsequent calculations.  

For each metal–nucleic acid complex, the binding energy (BE) was calculated as 

𝐸𝐵𝐸 =  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 −  𝐸𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 − 𝐸𝑚𝑒𝑡𝑎𝑙  (3.1)  

where EBE is the BE of the complex, Ecomplex is the dimer energy, and Enucleic acid and Emetal 

are the isolated monomer energies of the nucleic acid subcomponent and metal, 

respectively. The reference BEs were evaluated at the CCSD(T)/CBS level of theory using 

the most common approach for obtaining benchmark values for noncovalent interactions.92 

Specifically, the following equation was used 

𝐸(𝐶𝐶𝑆𝐷(𝑇)/𝐶𝐵𝑆)  =  𝐸(𝐻𝐹) + 𝐸𝑐𝑜𝑟𝑟(𝑀𝑃2/𝐶𝐵𝑆) + ∆𝐶𝐶𝑆𝐷(𝑇)  (3.2) 

where E(HF) was evaluated using def2-QZVPP, Ecorr(MP2/CBS) is the MP2 correlation 

energy extrapolated to the CBS limit using def2-TZVPP and def2-QZVPP according to the 
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Helgaker extrapolation scheme,93, 94 and ΔCCSD(T) was calculated as the difference 

between the MP2 and CCSD(T) energies evaluated with the def2-TZVPP basis set. The 

def2 basis sets applied in the present work were previously shown to be well suited for this 

extrapolation scheme.95 All-electron calculations were carried out with CCSD(T) and 

MP2(full) for the lighter metals (i.e., Li+ and Na+), while CCSD(T) and MP2 were 

combined with the Stuttgart Dresden relativistic (RLC) effective core potential (ECP) for 

the heavier metals (i.e., K+, Rb+, and Cs+). The large-core ECP was used to reduce 

computational costs, with minimal differences in ground-state energies and ionization 

potentials compared to all-electron relativistic calculations found in a previous study for 

the heavier group I metals.96 As done in the literature and proposed by Halkier et al.,97 the 

averages of the counterpoise uncorrected and corrected binding strengths were evaluated 

to account for the overestimation and underestimation of true CCSD(T)/CBS BE values, 

respectively.31, 98-101 

The accurate CCSD(T)/CBS data set was subsequently used to test the performance 

of 61 functionals (Table 3.1) from different families of the hierarchal ‘Jacob’s Ladder’. 

These calculations were performed using the same MP2 geometries employed for the 

CCSD(T)/CBS calculations. We note that previous work has highlighted little impact in 

functional performance when the geometry of select Li+–nucleic acid complexes were re-

optimized with DFT.31 The def2-TZVPP basis set was used throughout, with the small-core 

Stuttgart Dresden RLC ECP used for the heavier metals (K+, Rb+, and Cs+). We note that 

previous work on a selection of Li+–nucleic acid complexes revealed a negligible difference 

in DFT functional performance upon basis set expansion to def2-QZVPP.31 Therefore, due 

to the large number of functional, metal, and nucleic acid component combinations 

considered in the present work as well as the intended application of the best methods to 
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larger nucleic acid systems, we employed the computationally more efficient TZ basis set 

in the present work. The reported binding energies include counterpoise corrections to 

account for the basis set superposition error (BSSE), which was determined using the Boys 

and Bernardi scheme, although the impact of neglecting the counterpoise correction is also 

discussed in the Results and Discussion. For 15 functionals, Grimme’s D3102, 103 empirical 

dispersion correction with Becke–Johnson damping (BJ)104 was used, while the D4105 

model was combined with 4 functionals. All calculations were performed in the gas phase 

using the default settings in Gaussian 16 (B.01),106 with the exception of the B3LYP-D4, 

PBE-D4, TPSS-D4, ωB97X-D4, ωB97X-D3(BJ), ωB97X-V, and ωB97M-V calculations, 

which were performed using the default settings in ORCA 5.0.2 and the convergence 

criteria set to “VeryTightSCF”.107 

 

3.3 Results and Discussion 

3.3.1. Generating a Highly Accurate CCSD(T)/CBS Data Set of Binding Strengths for 

Group I Metal–Nucleic Acid Complexes 

As noted in the Computational Methodology, each group I metal (Li+, Na+, K+, Rb+, 

or Cs+) was placed at each potential binding site in each nucleic acid component (A, C, G, 

T, U, or dimethyl phosphate; Figure 3.1). Specifically, for the nucleobases, the N3 and N7 

binding sites of the purines were explored, as well as N1 and N6 of A, and O6 of G, while 

the O2 and O4 binding sites of the pyrimidines were considered, as well as N4 of C. For 

the nucleic acid backbone, coordination to the bridging (B) and nonbridging (NB) oxygens 

of dimethyl phosphate was considered. 64 unique complexes were identified between a 

group I metal and a nucleic acid component (Figure 3.2; Table B.1, Appendix B). The 

nucleobase binding sites identified are consistent with structures previously reported in the 
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literature.24, 28-37 These structures were used to calculate the corresponding gas-phase 

CCSD(T)/CBS relative energies for each metal–nucleic acid component combination 

(Figure 3.2) and binding strengths for each complex (Table B.2). 

 

 

Figure 3.2. CCSD(T)/CBS//MP2/def2-TZVPP characterized complexes between group I 

metals and the nucleobases (A, G, C, T, and U) or dimethyl phosphate (P). The relative 

energies for a given metal–nucleic acid component combination (parentheses) are provided 

in kcal/mol and colored according to metal identity (Li+ (red), Na+ (orange), K+ (blue), Rb+ 

(green), and Cs+ (purple)). The CCSD(T)/CBS binding strengths and MP2/def2-TZVPP 

coordination distances are provided in Tables B.1 and B.2 in Appendix B. 
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Bidentate complexes were characterized between each group I metal and the N6–

N7, and N1–N6 sites of A, which involve rotation of the N6 amino group compared to 

isolated A. Although the binding strengths are nearly equal at both binding sites for all 

metals (within ~2 kcal/mol), Li+ and Na+ preferentially coordinate to the N6–N7 position 

(binding energies of –51.1 and –36.0 kcal/mol, respectively), while K+, Rb+, and Cs+ 

slightly prefer binding at N1–N6 (binding energies of –19.6, –17.1, and –15.1 kcal/mol, 

respectively). The monodentate complex formed at N3 of A for all metals is ~4 – 7 kcal/mol 

less stable for the lighter group I metals, but within 1.6 kcal/mol for K+, Rb+, and Cs+. For 

G, the most stable complex for each group I metal involves bidentate coordination at the 

O6–N7 position, with the binding strength decreasing as Li+ (–73.0 kcal/mol) >> Na+ >> 

K+ > Rb+ > Cs+ (–33.4 kcal/mol). Although this is the only G complex characterized for 

Rb+ and Cs+, Li+, Na+, and K+ also coordinate to N3 of G, which results in a significantly 

less stable complex (by ~29 – 32 kcal/mol).  

For C, the most energetically favorable complex for all group I metals involves 

bidentate coordination at the O2–N3 position, with the binding strength decreasing as Li+ 

(–69.3 kcal/mol) >> Na+ >> K+ > Rb+ > Cs+ (–30.5 kcal/mol). Only Li+ forms an additional 

complex at N3–N4 that is afforded by N4 amino group rotation compared to isolated C, 

which is 21.8 kcal/mol less stable. Within T and U binding sites, group I metals form 

monodentate complexes at O4 and O2, with the O4 site being preferred for both 

nucleobases by up to 1.6 kcal/mol for T and 3.6 kcal/mol for U. In general, there are 

minimal differences (0.1 – 0.3 kcal/mol) between the binding strengths at O4 of T and U 

regardless of metal identity, while the differences range from ~1.0–2.0 kcal/mol at O2.  

Three complexes were isolated for each group I metal that involve coordination to 

dimethyl phosphate (P), including those with coordination to one bridging and one 
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nonbridging oxygen (1B1NB), two bridging oxygens (2B), or two nonbridging oxygens 

(2NB). All metals except Li+ also coordinate to one nonbridging oxygen in the P(2B) 

complex (Figure B.1). However, the strongest binding interactions for all metals occur at 

the 2NB position, followed by 1B1NB and then 2B. Nevertheless, the difference in the 

binding strength as a function of dimethyl phosphate site decreases from ~20 kcal/mol to 

~4 kcal/mol as group I is descended.  

Overall, the magnitude of group I metal–nucleic acid interaction energies decreases 

with an increase in the size of the metal (Li+ >> Na+ >> K+ > Rb+ > Cs+), which matches 

the general trends seen in previous experimental23 and computational33-37 studies. Indeed, 

the metal–ligand distances increase with group I metal size (Table B.1, Appendix B), which 

weakens ion–dipole and ion–induced dipole interactions between the metal and nucleic 

acid component. As a result, there is less distinction between the strongest and weakest 

binding sites for a given nucleobase as the size of the metal increases, especially for the 

largest metal Cs+. When the preferred binding site for each nucleobase is considered, the 

group I metal–nucleobase interaction energies decrease as G > C >> A ~ T = U, which 

matches the trends predicted by TCID for A, C, T, and U.23 Furthermore, the group 1 metal 

binding affinity to dimethyl phosphate is ~2 (Li+ and Na+) or ~3 (K+, Rb+, and Cs+) times 

greater than that to the most favorable nucleobase site (G(O6–N7)), which correlates with 

experimental data for trimethylphosphate.91  

 In addition to reproducing trends in binding strengths, our CCSD(T)/CBS data 

sometimes agrees well with TCID predicted interaction energies. For example, the 

differences between the experimental24 and CCSD(T)/CBS results for T and U are  

<1 kcal/mol. Nevertheless, deviations exist between experimental and computational data, 

which may arise at least in part due to limitations in the experimental methodology. For 
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example, there is a significant difference (2.9 kcal/mol) between our CCSD(T)/CBS and 

previously published TCID data24 for the Li+–A complex, with TCID having a known low 

sensitivity for Li+.27 There is an even larger difference (13 kcal/mol) between the TCID and 

CCSD(T)/CBS results for Li+ bound to C, which may arise from the low Li+ sensitivity 

coupled with nucleobase tautomerization due to the use of thermal vaporization.25, 26 

Indeed, the experimental24, 25 and theoretical results for the remaining group I metals (Na+, 

K+, Rb+, and Cs+) bound to C or A deviate by ~1–4 kcal/mol, possibly due at least in part 

to nucleobase tautomerization. In addition to providing accurate data for previously studied 

complexes, our CCSD(T)/CBS calculations fill in gaps arising from missing experimental 

thermochemical data for G interactions with all group I metals, and Rb+ or Cs+ bound to A, 

T, or U. Furthermore, accurate metal binding strengths for all group I metals to dimethyl 

phosphate are provided herein for the first time, which affords a more realistic model than 

that used in experimental studies (neutral trimethylphosphate).91 Thus, our work offers the 

first complete and accurate data set of the thermochemistry related to group I metal binding 

to each nucleic acid component.  

 

3.3.2. Accuracy of DFT Methods for the Binding Strengths of Group I Metal–Nucleic 

Acid Complexes Involving Direct Coordination 

As discussed in the Computational Methodology, the performance of 61 functionals 

(Table 3.1) in combination with def2-TZVPP is assessed against our newly generated 

CCSD(T)/CBS binding strengths for 64 directly coordinated group I metal–nucleic acid 

complexes (Figure B.2, Appendix B). Initially, we consider the percent errors (PEs) in the 

DFT predicted binding strengths for each metal–nucleic acid component combination as a 

function of the functional (Figure 3.3). In general, PEs change both as a function of the 
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complex and functional considered. Indeed, functional performance is dependent on the 

identity of the metal, nucleobase, and binding site. For example, interactions with the 

phosphate moiety tend to give rise to small errors regardless of metal (<5%), while weaker 

complexes, such as those involving N3 of G, and A binding sites, give rise to larger 

deviations (>25%). Furthermore, larger errors occur as group 1 is descended, which 

underscores the importance of testing the reliability of DFT methods for different metals. 

Nevertheless, some functionals consistently exhibit the poorest performance across many 

complexes for all group I metals, such as O3LYP-D3(BJ) and X3LYP-D3(BJ).  
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Figure 3.3. Percent errors (%) in DFT binding energies of group I metal–nucleic acid 

complexes calculated relative to CCSD(T)/CBS reference values, with small errors shown 

as dark blue shades and large errors highlighted by red shades. 

 

With future applications in mind and our goal to identify a robust functional 

regardless of group I metal–nucleic acid system considered, we gauge the reliability of 

functionals using both the PEs and unsigned errors (UEs) evaluated with respect to the 

CCSD(T)/CBS data across metal–nucleic acid complexes for each DFT method. Given the 

significant difference in the magnitude of the binding strength for various complexes, 

evaluation of both PEs and UEs ensures all interactions are more equally weighted. 
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Functional recommendations were then selected based on the statistics for both metrics. 

Despite the consideration of several metrics, we only report the mean percent error (MPE) 

and mean unsigned error (MUE) evaluated over complexes for each group I metal or over 

the entire data set in the main text for simplicity. We organize our discussion in the 

following subsections based on functional performance for the smallest (Li+) to largest 

(Cs+) metal, and subsequently consider functional performance over the entire group I, as 

well as the impact of neglecting counterpoise corrections (Figures 3.4–3.6, B.2–B.6; Tables 

B.3–B.9, Appendix B). 

 

3.3.2.1. Li+: The most challenging nucleic acid complex to describe involving direct Li+ 

coordination for many functionals is A(N3) (Figure 3.3), which results in the most outliers 

in the box plot statistics (Table B.3). Regardless, when the statistics are considered over all 

complexes (Figures 3.4 and B.2; Table 3.2, Appendix B), PBE-QIDH, DSD-PBEP86, and 

B2-PLYP demonstrate the best performance within the double-hybrid family for Li+–

nucleic acid complexes (<1% MPE; <1 kcal/mol MUE). PBE-QIDH is marginally superior 

to the other double-hybrid functionals (0.7±0.4% MPE; 0.4±0.2 kcal/mol MUE), with a 

low spread in the data. The best RSH functional is ωB97X-V (0.9±0.6% MPE;  

0.6±0.4 kcal/mol MUE), closely followed by ωB97M-V, MN12-SX-D3(BJ), and MN12-

SX (~1% MPEs; 0.7–0.9 kcal/mol MUEs). Within the GH meta-GGA family, the smallest 

average errors occur for MN15 (1.6±1.4% MPE; 0.8±0.6 kcal/mol MUE), followed by 

M06-2X and PW6B95, which offer similar performance to each other (~2.4% MPE; ~1.6 

kcal/mol MUE), but larger maximum UEs than MN15. Among the 15 GH-GGA functionals 

explored in this study, O3LYP (1.0±0.9% MPE; 0.6±0.4 kcal/mol MUE) emerges as the 

top performer for Li+ complexes, with the smallest MPE, MUE, and standard deviations, as 
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well as spread in the data, while SOGGA11-X, B3PW91, B97-2, and TPSSh show similar, 

slightly reduced accuracies (1.4–1.9% MPE; 0.7–1.2 kcal/mol MUE). revTPSS is the best 

performing meta-GGA (1.1±0.8%; 0.8±0.6 kcal/mol), while TPSS and MN12-L are close 

runner-ups (1.3% MPE; 0.9 kcal/mol MUE). mPW91 is the only functional of the GGA 

family that stands out as a solid performer (1.1±1.1% MPE; 0.7±0.6 kcal/mol MUE; 

maximum errors = 3.5%; 1.6 kcal/mol). Multiple functionals that account for dispersion 

effects are reliable for Li+–nucleic acid complexes, including those that incorporate 

dispersion through corrections (e.g., ωB97M-V, ωB97X-V, and MN12-SX-D3(BJ)) or 

parameterization (e.g., M06-2X and MN15). When the best performers across different 

functional families are compared, the most reliable and robust methods recommended for 

investigating Li+–nucleic acid interactions are PBE-QIDH and ωB97X-V (X*, Table 3.2). 

Although PBE-QIDH was previously recommended as the overall top performing 

functional for Li+ systems based on only the most stable complex for each nucleic acid 

component 31, other functionals that were previously deemed accurate (ωB97, ωB97X-D, 

BP86-D3(BJ), PBE) are now replaced with those containing newer dispersion corrections 

(ωB97X-V), highlighting the importance of considering larger data sets that contain diverse 

complexes when identifying the top performers for thermochemical data of metal–nucleic 

acid complexes. For more cost-effective options, O3LYP leads to the lowest MPE and 

MUE, and the smallest maximum deviation (1.5 kcal/mol) compared to other functionals 

in the GH GGA, meta-GGA, and GGA families. 
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Table 3.2. Functionals identified as the top performer(s) for each functional family (X) and 

the best overall (recommended) functionals (X*, bold) for directly coordinated group I 

metal–nucleic acid complexes.a 
Family Functional  Li+ Na+ K+ Rb+ Cs+ Group 1 

Double-Hybrid B2-PLYP  X  X* X X*  

 B2-PLYP-D3   X*     

 mPW2-PLYP   X  X* X X* 

 PBE-QIDH  X*  X X X  

 PBE0-DH        

 DSD-PBEP86  X      
RSH M11        

 MN12-SX  X      

 MN12-SX-D3  X      
RSH meta-GGA ωB97M-V  X X X X* X* X* 

RSH GGA ωB97    X X X  

 ωB97X    X X X  
 ωB97X-D        

 ωB97X-D3        

 ωB97X-V  X*  X* X X* X 
 ωB97X-D4   X     

 HSE06    X    

 HSE06-D3   X*     
 LC-PBE        

 LC-ωPBE        

 LC-ωPBE-D3        
 CAM-B3LYP        

 CAM-B3LYP-D3        

GH meta-GGA M06        
 M06-2X  X X X* X X X 

 M06-HF   X     

 MN15  X  X X X  
 BMK    X    

 PW6B95  X X X X X X 

GH GGA BH&HLYP        
 SOGGA11-X  X  X  X  

 B3PW91  X      

 B3PW91-D3   X     

 PBE0     X  X 

 PBE0-D3   X*     

 B3LYP     X X X 
 B3LYP-D3        

 B3LYP-D4   X     

 X3LYP   X  X X  
 X3LYP-D3        

 O3LYP  X*   X X  

 O3LYP-D3        
 B97-2  X  X X   

 TPSSh  X      

Local meta-GGA revTPSS  X  X X X X* 

 TPSS  X  X X X X* 

 TPSS-D3   X*     
 TPSS-D4   X     

 M06-L        

 M11-L        
 MN12-L  X      
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Table 3.2. Continued. 

Family Functional  Li+ Na+ K+ Rb+ Cs+ Group 1 

 MN15-L    X* X* X*  

Local GGA mPW91  X  X X X  
 BLYP     X X X 

 BLYP-D3        

 BP86    X    
 BP86-D3        

 PBE     X  X 

 PBE-D3   X*     
 PBE-D4   X     

Local LDA SVWN5        
aFunctional(s) indicated by an X were deemed to be reliable methods for a particular family for a given 

metal or over all group I metals. The overall top performing functionals that were found to be the most 

accurate technique(s) regardless of functional family for a given metal or over all group I metals are 

indicated by X*. 

 

3.3.2.2. Na+: In general, larger MPEs arise across functionals for Na+ relative to Li+–

nucleic acid complexes (Figure 3.4), while the MUEs are more comparable between these 

lighter group I metals (Figure B.2, Appendix B). For Na+, the most challenging metal–

nucleic acid complexes for the tested functionals to describe include A(N1–N6), A(N6–

N7), and G(N3), which result in the most outliers according to the boxplot (Figure 3.3; 

Table B.4, Appendix B). Among the double-hybrid functionals, B2-PLYP-D3(BJ) is the top 

performing method for predicting the binding energy of Na+–nucleic acid complexes 

(1.1±0.9% MPE; 0.4±0.3 kcal/mol MUE), followed by mPW2-PLYP (1.6±1.6% MPE; 

0.7±0.5 kcal/mol MUE). Among the 17 functionals within the RSH family, HSE06-D3(BJ) 

is the most reliable (1.6±1.3% MPE; 0.7±0.3 kcal/mol MUE), with no outliers for either 

metric in the boxplot. ωB97M-V and ωB97X-D4 are close runners-ups (1.2–1.5% MPE; 

0.4–0.9 kcal/mol), although result in larger maximum errors (≤5.2%; ≤1.9 kcal/mol).  

M06-2X, which was deemed reliable for Li+, stands out as the best GH meta-GGA 

functional for Na+ interactions, with the smallest magnitude and spread in the deviations 

(1.1±1.4% MPE; 0.4±0.4 kcal/mol MUE), albeit with several outliers for PE. M06-2X is 

followed by M06-HF and PW6B95, which have similar errors to each other (2.0–2.6% 
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MPE; 0.7–1.4 kcal/mol MUE), but larger maximum UEs than M06-2X (2.2–3.7 kcal/mol). 

Unlike Li+, PBE0-D3(BJ) and X3LYP from the GH GGA family emerge as the top 

performing functionals (1.5–1.7% MPE; 0.6 kcal/mol MUE), followed by  

B3PW91-D3(BJ) and B3LYP-D4, which have slightly reduced accuracies (1.8–1.9% MPE; 

0.7–0.8 kcal/mol MUE) and reliability (SDs of 1.5–1.7% MPE; 0.4–0.5 kcal/mol MUE). 

TPSS-D3(BJ) is the meta-GGA that leads to the least errors (1.4±1.0% MPE; 0.6±0.3 

kcal/mol MUE), while TPSS-D4 is a close runner-up (1.8±1.4% MPE; 0.8±0.5 kcal/mol 

MUE). Of the GGA functionals, only the D3(BJ) and D4-corrected versions of PBE offer 

solid performance (1.5–1.7% MPE; 0.6–0.8 kcal/mol MUE), with small standard 

deviations (1.3–1.4% MPE; 0.4–0.5 kcal/mol). Like Li+, many of the reliable functionals 

for Na+ complexes account for dispersion through corrections (ωB97M-V and ωB97X-V) 

or parameterization (M06-2X), with both ωB97M-V and M06-2X being highly dependable 

for both metals and ωB97X-V offering reasonable reliability.  

Overall, the recommended functionals that consistently offer the highest accuracy 

for Na+–nucleic acid complexes are B2PLYP-D3(BJ) and HSE06-D3(BJ) (X*, Table 3.2). 

While neither functional is the best option for Li+, B2PLYP-D3(BJ) still offers reasonable 

performance for the smallest group I metal, with only moderately larger errors (2.7% MPE; 

1.8 kcal/mol MUE) than for Na+. In contrast, although the top-performing HSE06-D3(BJ) 

for Na+ fails to accurately describe Li+ (3.4% MPE; 2.2 kcal/mol MUE), ωB97M-V works 

well for both metals (1.2–1.3% MPE; 0.4–0.9 kcal/mol MUE). Despite more inexpensive 

options not being consistent among the lighter group I metals, the PBE0-D3(BJ) GH GGA 

functional, TPSS-D3(BJ) from the meta-GGA family, and PBE-D3(BJ) from the GGA 

family are all reliable for Na+–nucleic acid complexes, with low MPEs and MUEs, and 

small maximum deviations (<5%; ≤1.4 kcal/mol). 



101 

 

 

Figure 3.4. Boxplot of the percent errors (%) in Li+ or Na+–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta). 
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Figure 3.5. Boxplot of the percent errors (%) in K+–nucleic acid DFT binding energies 

relative to CCSD(T)/CBS reference values, with the functionals sorted according to double-

hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-GGA (blue), 

GGA (purple), and LDA (magenta). 

 

3.3.2.3. K+: In general, the magnitude of error from CCSD(T)/CBS data increases for K+ 

compared to the lighter metals (Figure 3.3), with over double the maximum PE (~45% PE 

K+; <19% PE Li+, Na+; Figures 3.4–3.5; Tables B.3–B.5, Appendix B), which is largely due 

to G and A complexes formed at the N3 position. These results may be attributed to the 

weaker binding energies between K+ and each nucleic acid component (by ~25–49 kcal/mol 

compared to Li+ and ~12–24 kcal/mol with respect to Na+; Table S2). In fact, three 

functionals (e.g., O3LYP-D3(BJ), X3LYP-D3(BJ), and ωB97X-D3(BJ)) have MPEs 

greater than 10% for K+. Among the double-hybrids, B2-PLYP and PBE-QIDH 

demonstrate similar accuracy (1.1–1.2% MPE; 0.3 kcal/mol MUE), with low maximum 

PEs (~3%). B2-PLYP provides marginally better descriptions of K+–nucleic acid 

interactions, which is also a reliable double-hybrid functional for Li+ and the dispersion-

corrected variant was one of the best functionals for Na+ complexes. Within the RSH 

family, four of the six functionals in the ωB97 series (ωB97, ωB97X, ωB97M-V, and 
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ωB97X-V) offer excellent performance (1.1–1.4% MPE; 0.3 kcal/mol MUE) that is 

comparable to the double-hybrid functionals, with ωB97X-V demonstrating slightly 

enhanced accuracy (1.1±1.0% MPE; 0.3±0.1 kcal/mol MUE). HSE06 also performs well, 

with no outliers appearing in the boxplot, but a larger spread in the data compared to 

ωB97X-V (1.9±1.5% MPE; 0.4±0.2 kcal/mol MUE). Among the ωB97 series of 

functionals, ωB97M-V and ωB97X-V both demonstrate reasonable reliability across Li+, 

Na+, and K+ complexes. The best performing functional of the GH meta-GGA family for 

Na+ complexes is M06-2X (0.9±0.7% MPE; 0.3±0.3 kcal/mol MUE). MN15, PW6B95, 

and BMK are the next best functionals in this family (1.7–1.8% MPE; 0.4–0.5 kcal/mol 

MUE), which are less reliable than M06-2X due to outliers and larger spreads in the data 

according to the statistics displayed in the boxplot. SOGGA11-X and B97-2 of the GH 

GGA family consistently demonstrate accurate performance across all K+ complexes  

(1.4–1.6% MPE; 0.4 kcal/mol MUE). Both SOGGA11-X and B97-2 show reasonable 

accuracy for Li+ (~1–2% MPE; ~1 kcal/mol MUE), but not Na+ (~3–7% MPE;  

~1–3 kcal/mol MUE). Within the meta-GGA family, revTPSS, MN15-L, and TPSS are the 

most reliable methods (1.3–1.6% MPE; 0.4 kcal/mol MUE), with MN15-L having slightly 

better performance mainly due to a smaller spread in the data (1.3±0.8% MPE;  

0.4±0.3 kcal/mol MUE). In terms of the GGA functionals, although mPW91 and BP86 have 

minimal average (1.8% MPE; 0.4–0.6 kcal/mol MUE) and maximum (<5.0%) errors, 

mPW91 emerges as the most reliable option due to the smallest spread in the data over both 

metrics. Some functionals identified for K+ within the meta-GGA (revTPSS) and GGA 

(mPW91) families are also accurate for Li+, but less reliable for Na+ (4.0% MPE;  

1.8 kcal/mol MUE).  
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Based on low MPEs, MUEs, and minor maximum errors, the recommended 

functionals for investigating K+–nucleic acid interactions are B2-PLYP, ωB97X-V, and 

M06-2X (X*, Table 3.2). ωB97X-V and M06-2X, which each account for dispersion, also 

offer reasonable reliability for Li+ and Na+. While B2-PLYP is also an accurate double-

hybrid functional for Li+, the corresponding dispersion-corrected variant was one of the 

recommended methods for Na+ complexes. MN15-L is also available as a computationally 

affordable option for K+–nucleic acid complexes.  

 

3.3.2.4. Rb+: As seen with K+, certain functionals emerge as having substantially larger 

errors for Rb+–nucleic acid interactions (maximum PE of ~22–42%), including  

O3LYP-D3(BJ), X3LYP-D3(BJ), ωB97X-D3(BJ), and ωB97X-D4, which is mainly 

attributed to the A complexes (Figures 3.3 and 3.6; Table B.6, Appendix B). Indeed, the 

number of functionals exceeding an MPE of 10% doubles for Rb+ (6; Figure 3.6) compared 

to K+ (3; Figure 3.5). mPW2-PLYP and B2-PLYP are the top performers within the double-

hybrid family (~1% MPE; 0.2 kcal/mol MUE; Figures 3.6 and B.3, Appendix B), closely 

followed by PBE-QIDH (1.2±0.9% MPE; 0.4±0.2 kcal/mol MUE). mPW2-PLYP emerges 

as the best double-hybrid functional (maximum errors = 1.9%; 0.4 kcal/mol). The most 

accurate functional from the RSH family is ωB97M-V (0.8±05% MPE; 0.2±0.1 kcal/mol 

MUE), followed by ωB97X-V, ωB97, and ωB97X (≤1.3% MPE; 0.2–0.3 kcal/mol MUE). 

Although multiple functionals from the ωB97 series are recommended for Li+, Na+, K+, 

and Rb+, others from this category (ωB97X-D3(BJ) and ωB97X-D4) exhibit large errors 

for Rb+ and K+. MN15 is the most reliable functional of the GH meta-GGA family 

(1.5±1.2% MPE; 0.4±0.2 kcal/mol MUE), closely followed by M06-2X (1.6±0.9% MPE; 

0.5±0.3 kcal/mol MUE) and PW6B95 (1.7±1.3% MPE; 0.4±0.2 kcal/mol MUE). Within 
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the GH GGA family, O3LYP is the most accurate (1.8±1.2% MPE; 0.5±0.2 kcal/mol; 

maximum errors = 3.6%; 0.7 kcal/mol), while B3LYP, X3LYP, PBE0, and B97-2 offer 

comparable performance to each other as viable alternatives (1.6–1.8% MPE; 0.4 kcal/mol 

MUE). From the meta-GGA family, MN15-L is more reliable (1.8±1.3% MPE;  

0.4±0.2 kcal/mol MUE) than TPSS and revTPSS (1.5–1.6% MPE; 0.4 kcal/mol) due to the 

absence of outliers and lower maximum errors, with MN15-L also being one of the 

recommended methods for K+. Like Li+ and K+, mPW91 emerges as the top performer of 

the GGA family (1.7±1.5% MPE; 0.4±0.3 kcal/mol MUE), with no outliers for either 

metric. For Rb+ complexes, mPW91 is followed by BLYP and PBE (2.1–2.3% MPE;  

0.6–0.7 kcal/mol MUE). Multiple accurate functionals for Rb+ complexes account for 

dispersion through corrections (ωB97M-V and ωB97X-V) or parameterization (M06-2X).  
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Figure 3.6. Boxplot of the percent errors (%) in Rb+ or Cs+–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta). 

 

Overall, despite being more challenging to describe than the metals discussed thus 

far, there are many reliable functionals for exploring Rb+–nucleic acid interactions. Our 

recommendations include mPW2-PLYP and ωB97M-V (X*, Table 3.2), which display low 

MPEs, MUEs, and maximum deviations (≤1.9%; 0.4 kcal/mol). Although not the overall 

best double-hybrid functional for each metal discussed previously, mPW2-PLYP performs 

very well for K+ complexes and offers reasonable agreement to CCSD(T)/CBS data for Li+ 

and Na+. Additionally, ωB97M-V has demonstrated consistently small errors for Li+, Na+, 
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K+, and Rb+. As a cost-effective alternative for Rb+–nucleic acid complexes, MN15-L offers 

low MPEs, MUEs, and reasonable maximum deviations (3.6%; 0.7 kcal/mol).  

 

3.3.2.5. Cs+: Cs+ demonstrates the largest errors among group I metals (maximum PE of 

59.0%; Figure 3.6; Table B.7, Appendix B). Indeed, 10 functionals result in significantly 

large MPEs (>10%). This highlights the increased sensitivity of DFT with increased size 

of the metal and decreased magnitude of the binding strength. As for K+ and Rb+, the A(N3) 

complex results in the most deviations from CCSD(T)/CBS data (Figure 3.3; Table B.7, 

Appendix B). Within the double-hybrid family, B2-PLYP is the best performer (1.0±0.7% 

MPE; 0.2±0.1 kcal/mol MUE; maximum errors = 2.1%; 0.5 kcal/mol; Figure 3.6). 

Although B2-PLYP was also recommended for K+ and offers small errors for Li+ and Rb+, 

the performance is not as good as other double-hybrids for Na+, requiring the addition of a 

dispersion correction. The next best performers in the double-hybrid family are  

mPW2-PLYP (1.1% MPE; 0.2 kcal/mol MUE), which is reasonable for all metals, and 

PBE-QIDH (1.1% MPE; 0.3 kcal/mol MUE), which is recommended for Li+, reliable for 

K+ and Rb+, but a poor performer for Na+. The most reliable functionals for Cs+ among the 

RSH family are ωB97M-V and ωB97X-V (0.9–1.0% MPE; 0.2 kcal/mol), while ωB97 and 

ωB97X are the next best performers (1.2–1.4% MPE; 0.3 kcal/mol). ωB97M-V was one of 

the recommended functionals for Rb+, while ωB97X-V was recommended for Li+ and K+. 

Nevertheless, the performance of both ωB97M-V and ωB97X-V is excellent for all metals, 

even though HSE06-D3(BJ) was the best RSH family member for Na+. Amongst the GH 

meta-GGA functionals, MN15 demonstrates the smallest deviations from CCSD(T)/CBS 

(1.5% MPE; 0.3kcal/mol MUE), followed by M06-2X and PW6B95 (1.5–1.8% MPE;  

0.4 kcal/mol). Indeed, MN15 demonstrates a slightly smaller spread in the data and the 
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lowest maximum UE (0.6 kcal/mol). Like Li+ (the lightest group I metal), O3LYP offers 

consistent and reliable performance for Cs+ (the heaviest group I metal) within the GH 

GGA family (1.9±1.5% MPE; 0.4±0.2 kcal/mol MUE), closely followed by B3LYP, 

X3LYP, and SOGGA11-X (1.8% MPE; 0.4–0.5 kcal/mol MUE). Within the meta-GGA 

family, three functionals (revTPSS, TPSS, and MN15-L) offer the best performance  

(1.6–1.8% MPE; 0.4 kcal/mol MUE), with MN15-L emerging as the top performer due to 

the smallest standard deviations (1.4% MPE; 0.1 kcal/mol) and maximum errors  

(3.9%; 0.4 kcal/mol). Within the GGA family, mPW91 is the most accurate functional 

(1.8±1.3% MPE; 0.4±0.2 kcal/mol MUE), followed by BLYP (2.2±1.9% MPE;  

0.5±0.3 kcal/mol MUE). Both methods are also among the most reliable GGA functionals 

for Rb+.  

Overall, the recommended functionals for investigating Cs+–nucleic acid 

interactions are B2-PLYP, ωB97M-V, and ωB97X-V (X*, Table 3.2), which demonstrate 

consistent and accurate performance across all complexes, including low maximum errors 

(≤2.1%; ≤0.5 kcal/mol). As mentioned above, B2-PLYP yields small deviations from 

CCSD(T)/CBS data for all metals except Na+, although the MUE across Na+ complexes is 

still below 2 kcal/mol. Both ωB97M-V and ωB97X-V, which include the more recently 

designed VV10 dispersion correction,108 have emerged as solid performers across all group 

I metal–nucleic acid complexes. In terms of cost-effective options for Cs+ complexes, 

MN15-L is deemed reliable. 

 

3.3.2.6. Although the Top-Performing Functionals Can Vary with Metal, Some 

Methods Prevail as Being Reliable Across Group I: Thus far, variation in functional 

performance has been seen for each group I metal as well as between the lighter (Li+ and 
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Na+) and heavier (K+, Rb+, and Cs+) metals (Figures 3.3–3.6). Nevertheless, a robust 

method is required that offers a reasonable description of all group I metal–nucleic acid 

complexes. This is important for understanding, for example, problems related to metal 

competition in biology, diseases, energy storage materials, and nucleic acid sensors. 

Therefore, in this section, functional performance is compared over all Li+, Na+, K+, Rb+, 

and Cs+–nucleic acid complexes that involve direct metal coordination (Figures 3.2, 3.7 

and B.4, Appendix B). Among the six double-hybrid functionals, mPW2-PLYP is the most 

accurate across all group I metal–nucleic acid binding strengths (1.6±1.3% MPE; 0.7±0.7 

kcal/mol MUE; maximum errors = 5.3%; 2.7 kcal/mol). While mPW2-PLYP was not the 

best performing double-hybrid for the lighter metals, this method still offers a reasonable 

description across complexes involving Li+ or Na+ (≤2.8% MPE; ≤1.8 kcal/mol MUE). 

ωB97M-V emerges as the best performer over group I within the RSH family (1.1±1.0% 

MPE; 0.4±0.4 kcal/mol MUE), as well as Rb+ and Cs+, closely followed by ωB97X-V 

(1.1±1.2% MPE; 0.4±0.4 kcal/mol MUE), which is one of the best functionals for Li+ and 

K+. Although slightly less accurate for Na+ complexes, both ωB97M-V and ωB97X-V offer 

reasonable binding energies (< 1 kcal/mol MUE deviation from CCSD(T)/CBS). Within 

the GH meta-GGA family, M06-2X demonstrates the smallest errors (1.5±1.1% MPE; 

0.7±0.6 kcal/mol MUE), with PW6B95 being a close runner-up (2.0±1.7% MPE; 0.7±0.7 

kcal/mol MUE), albeit having more outliers. M06-2X was one of the best functionals for 

K+ and offers a reasonable description for Li+, Na+, Rb+, and Cs+ (≤2.3% MPE; ≤1.5 

kcal/mol MUE). The most reliable functionals of the GH GGA family are B3LYP and PBE0 

(≤2.0% MPE; ≤0.8 kcal/mol MUE). These functionals are generally more reliable for the 

heavier metals (K+, Rb+, and Cs+), but still afford reasonable accuracy for the lighter metals 

(Li+ and Na+; ~2% MPE; ~1–2 kcal/mol MUE). Both revTPSS and TPSS offer the best 
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performance within the meta-GGA family (1.9–2.0% MPE; 0.8 kcal/mol), while BLYP and 

PBE emerge as the best GGA functionals (2.2–2.3% MPE; 0.9 kcal/mol; maximum errors 

≤7.4%; ≤3.3 kcal/mol).  

 

 

Figure 3.7. Boxplot of the percent errors (%) for group I metal–nucleic acid DFT binding 

energies relative to CCSD(T)/CBS reference values, with the functionals sorted according 

to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA (green), meta-

GGA (blue), GGA (purple), and LDA (magenta). 

 

 

Overall, the recommended functionals for exploring group I metal–nucleic acid 

interactions are mPW2-PLYP and ωB97M-V (X*, Table 3.2), which demonstrate the 

smallest MPEs and MUEs, and low maximum errors (≤5.3%; ≤2.7 kcal/mol). Indeed, 

ωB97M-V has been identified as the most promising functional for main-group 

chemistry,108 and is deemed one of the most accurate functionals for exploring transition 

metal chemistry.40 Since both recommended functionals are from more expensive families, 

cost-effective methods must also be identified to explore group I metal interactions using 

larger models that are required to accurately study biosystems. Although the most popular 
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DFT method (B3LYP) offers reasonable computational performance on average for group 

I metals, B3LYP leads to larger maximum errors (7.0%; 2.7 kcal/mol) compared to the top-

performing functionals, as well as a higher spread in the boxplot data. Indeed, cost-effective 

revTPSS and TPSS are on average the most reliable across group I (X*, Table 3.2), with 

MPEs and MUEs comparable to the best performing functionals, albeit having larger 

spreads and more outliers in the boxplot data than the more computationally intense 

methods.  

 

3.3.2.7. Impact of Counterpoise Corrections on Group I Metal–Nucleic Acid Binding 

Energies: Although all results discussed thus far include counterpoise corrections, such 

corrections are not always computationally feasible, especially when using large models 

that are necessary to investigate complex biosystems or biomaterials. To ensure that 

functional performance remains unchanged regardless of whether counterpoise corrections 

are included, the counterpoise uncorrected and corrected binding energies are compared for 

the most reliable functionals for each group I metal and over all group I metals (Figures 

B.5–B.6; Table B.9, Appendix B). In general, there is a slight increase in deviations from 

the CCSD(T)/CBS binding energies when the counterpoise corrections are not included in 

the DFT binding strengths. Nevertheless, the differences between the counterpoise-

corrected and uncorrected MPEs and MUEs are ≤1.5% and ≤0.6 kcal/mol, respectively, 

which correlates with previous literature reporting a minimal BSSE impact for similar 

systems.31 This suggests that counterpoise corrections can be neglected when implementing 

larger computational models while minimally impacting the accuracy of the resulting DFT 

description of group I metal–nucleic acid interactions. 
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3.4. Conclusions 

In summary, a new database of accurate gas-phase CCSD(T)/CBS group I metal–

nucleic acid binding energies has been generated, which has otherwise proven to be 

challenging to compile experimentally due to measurement sensitivities and nucleobase 

tautomerizations. Moreover, this study provides highly accurate interaction energies 

between group I metals and G as well as between heavier metals (Rb+ and Cs+) and A, T, 

or U for which no experimental thermochemical data is currently available. Subsequently, 

the performance of 61 DFT functionals was tested across 64 directly coordinated group I 

metal–nucleic acid complexes. Although functional performance can vary with the metal, 

nucleic acid component, and binding site, reliable methods across all group I metal–nucleic 

acid interactions come to light. Indeed, mPW2-PLYP and ωB97M-V demonstrate 

remarkably small MPEs and MUEs (≤1.6%; <1.0 kcal/mol) and low spreads in the data 

based on boxplot visualizations. If more computationally efficient methods are required, 

revTPSS and TPSS offer reasonable reliability, albeit having larger spreads and more 

outliers in the boxplots compared to the more computationally intensive functionals. 

Counterpoise corrections are found to have negligible effects on the accuracy of the top-

performing functionals for group I metal–nucleic acid binding energies (≤1.5% and  

≤0.6 kcal/mol), which is promising for investigations that require the implementation of 

larger models that render counterpoise corrections unfeasible. Overall, the accurate 

methods identified in our work can be used in the future to understand the role of metals in 

ecological and human biology, to generate new therapeutics, to explore the design of novel 

chemical technologies (e.g., new materials for energy storage and nucleic acid sensors that 

target metal contaminants in the environment or human body), and to aid the design of new 
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computational methods that permit broader investigations of group I metal–nucleic acid 

interactions. 
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Chapter 4: Building a Data Set of Group II Metal–Nucleic Acid Interactions and 

Evaluating the Performance of Density Functional Theory Methods 

4.1. Introduction 

Group II metals play important roles in diverse fields, contributing to biological 

processes, and the development of materials and therapeutics.1 In biology, Mg2+ ions are 

essential cofactors for maintaining the structure and function of nucleic acids, providing 

stabilization to cell membranes, and aiding ATP utilization.2 Ca2+ is the most abundant 

metal in the human body, playing a vital role in cellular signaling machinery and immune 

system responses.3 In materials applications, Mg2+ and Ca2+ are key components in 

commercially approved bioactive glasses that are employed in soft tissue regeneration. 4 

While Be2+, Sr2+, and Ba2+ are not biologically essential, they have proven to be useful in 

diverse industrial and technological applications. For example, Be2+ is used as a reflector 

in nuclear reactors, electronics, and aerospace materials.5 Sr2+ is utilized in photocatalysts 

as well as a therapeutic treatment for osteoporosis. 6, 7 Ba2+ has been utilized in photovoltaic 

cells to improve solar cell performance, in addition to Ba2+ being applied in nonlinear 

optical materials for UV lasers and multiphoton generators, as well as in drilling fluids for 

use in the oil sands.8, 9  

  Although group II metals are important in biology, materials, and therapeutics, 

industrial processes, such as mining, manufacturing, and waste dumping can lead to excess 

levels of group II metals in the environment.10, 11 These metals can disrupt the soil 

environment by altering pH levels, interfering with ion homeostasis, and reducing 

microbial activity, which diminishes plant growth and crop yields.12, 13 Additionally,  group 

II metals can leach into ground water, thereby contaminating our drinking water.14 Excess 
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levels of group II metals in our food sources and drinking water can lead to their 

accumulation in the human body, which can cause negative effects on human health. For 

example, exposure to Be2+ in industrial workers has been correlated with the development 

of chronic beryllium disease and lung cancer.15 Serum Mg2+ levels between 1.74 and  

2.61 mM cause magnesium toxicity in the body, which can lead to cardiac arrest. 16 

Additionally, patients with impaired kidneys are more susceptible to magnesium toxicity 

due to inefficient regulation of magnesium levels in the body.16 An overabundance of Ca2+ 

in the human body causes dysfunction of Ca2+ channels, which leads to hypertension, 

atherosclerosis, and chronic fatigue syndrome.3 Sr2+ mimics Ca2+ and therefore can displace 

Ca2+ in the body, with excess levels of Sr2+ leading to defective bone mineralization.7 Ba2+ 

present in high levels in the human body can cause tremors, paralysis, and hypokalemia.17 

Given that elevated levels of group II metals negatively affect human and environmental 

health, it is important to design detection and extraction technologies for monitoring and 

remediation of group II metals. 

Biosensors are powerful analytical tools made from biological components (e.g., 

antibodies, enzymes, nucleic acids) that can provide early detection of metal 

contaminants.18 Among biological components, nucleic acids are a particularly promising 

solution for designing metal sensing platforms to detect metal contaminants in the 

environment and human body due to their diverse functionality.19 Specifically, nucleic acids 

contain distinct sites including the negatively charged phosphate moieties, sugars, and 

nitrogenous bases that can bind metals with varying affinity.19 Furthermore, nucleic acids 

are structurally versatile, demonstrating the ability to fold into diverse 3D structures (e.g., 

tetrahedrons, G-quadruplexes, pseudo-knots, hairpins) that can bind specific metals.20 For 
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this reason, there have been several nucleic acid sensing platforms developed to detect 

metals.19 For example, nucleic acid sensors have been designed to selectively detect toxic 

metals such as Cd2+, Hg2+, and Pb2+.21, 22 While nucleic acids have proven to be successful 

in detecting heavy metals, designing nucleic acid sensors for group II metals remains 

challenging largely due to metal competition.19 For example, current nucleic acid probes 

are not specific enough to detect Mg2+ without interference from Ca2+.19 However, the EtNa 

DNAzyme can selectively detect Ca2+ in aqueous solutions, being the first nucleic acid 

sensor that can selectively distinguish between Mg2+ and Ca2+.23 Another DNA-based 

sensor was designed for Ba2+; however, a limited selection of metals were tested for 

competition with Ba2+.24 Aside from limitations in nucleic acid sensors for Mg2+ and Ba2+, 

no nucleic acid sensors have been designed to detect Be2+ or Sr2+ to date.19, 24 To develop 

nucleic acid sensors specific for group II metals, it is important to first understand the 

structure and binding strengths of group II metal–nucleic acid interactions. Aside from 

developing metal sensing platforms, fundamental information about group II metal–nucleic 

acid interactions can aid the development of materials like DNA nanowires for electrical 

devices, 25 and the design of tunable therapeutics that enable controlled-release mechanisms 

for drugs.26 

There have been multiple experimental studies performed to elucidate how group 

II metals interact with nucleic acids.27-34 Melting temperature measurements indicate that 

Mg²⁺ enhances nucleic acid stability,27 while Raman spectroscopy shows that there are 

minimal structural deviations to B-DNA in the presence of group II metals.28 Another 

experimental study using CD spectroscopy showed that Mg²⁺, Ca²⁺, Sr²⁺, and Ba²⁺ cause 

minimal structural impact, with heavier metals inducing less distortion to the structure of 
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DNA.29 X-ray crystallography has provided structural insight into how Mg2+ and Ca2+ bind 

to nucleic acids, with Mg2+ interacting with the phosphate backbone, N7 or O6 of G, and 

O4 of U, and Ca2+ with the phosphate, O6 of G, and O4 of U.30 Additional work that 

analyzed crystallographic structures of Mg2+–nucleic acid interactions identified that Mg2+ 

does not generally bind to N7 sites but rather to the phosphate backbone.31 Other NMR and 

X-ray crystallographic studies have obtained structural information of group II metals 

interacting with G-quadruplexes, with group II metals identified to either interact in the G-

quadruplex channel or the phosphate backbone, thereby providing greater structural 

stability to G-quadruplexes.32 For group II metal binding with nucleic acids, NMR 

experiments identified that Mg2+ and Ca2+ primarily interact with the phosphate 

backbone.33 Ion exchange measurements identified Ca²⁺ to bind more strongly to DNA than 

Mg²⁺.34 Ultrasonic velocity experiments determined binding constants between group II 

metals and DNA in solution, with the order of (Ca2+ > Sr2+ > Ba2+ > Mg2+) suggesting that 

heavier group II metals bind directly to DNA while Mg2+ undergoes outer-sphere 

coordination.29 However, this method does not directly measure metal binding, which 

results in uncertainties on the interactions between group II metals and nucleic acids. While 

these experimental approaches have provided valuable insights, gaps remain in our 

understanding of the structural and binding properties for group II metal–nucleic acid 

interactions. 

Computational studies have also been carried out using density functional theory 

(DFT) to gain atomic-level insights into the structure and binding of group II metal–nucleic 

acid interactions.35-41 Specifically, the structure and stability of complexes of Be2+, Mg2+, 

or Ca2+ metals bound to each nucleobase binding site was investigated using B3LYP in the 
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gas phase, with the binding strengths decreasing as Be2+ > Mg2+ > Ca2+.35 A similar study 

investigated Mg2+ and Ca2+ binding to each nucleobase using CCSD(T) and found the 

binding strength decreases as Mg2+ > Ca2+ and G > C > A.36 Another study using B3LYP 

explored Be2+, Mg2+, Ca2+, or Sr2+ interacting with select nucleobase binding sites.37 Only 

one metal binding position in the phosphate backbone was explored, with Be2+, Mg2+ or 

Ca2+ bound to the two non-bridging oxygens in the backbone.38 A separate study  

investigated A, C, G, T, or U complexes of canonical and tautomeric nucleobases with Sr2+ 

or Ba2+ using B3LYP.39 Although there have been computational works geared towards 

understanding how group II metals interact with nucleic acids, not all possible nucleobase 

sites were explored for Sr2+ or Ba2+ binding, and the phosphate moiety sites interacting with 

each group II metal has yet to be investigated. Additionally, the accuracy of the DFT 

methods used in these previous studies remain in question. 

 The present work provides a fundamental and complete understanding of how group 

II metals (i.e., Be2+, Mg2+, Ca2+, Sr2+, or Ba2+) interact with each binding site in nucleic 

acid components (i.e., phosphate moiety and nucleobases; Figure 4.1). Specifically, the gas-

phase structures of all possible directly bound group II metal–nucleic acid complexes are 

uncovered using ab initio methods (MP2/def2-TZVPP). Subsequently, a comprehensive 

data set of all group II metal–nucleic acid binding strengths is generated using 

CCSD(T)/CBS. Finally, the accuracy of 61 DFT methods for group II metal–nucleic acid 

binding strengths is assessed. For the first time, recommended DFT methods are identified 

for future research on the roles of these interactions in materials, therapeutics, and 

biotechnologies. 



129 

 

 

Figure 4.1. Metals and nucleic acid components investigated. Atom numbering and 

abbreviations for the binding sites (B = bridging and NB = non-bridging within the 

phosphate moiety) are included for clarity. 

 

4.2. Computational Methodology 

The model construction and methodology discussed throughout this section are 

based on previous computational work that established an accurate protocol for exploring 

the structure and energetics of group I metal–nucleic acid complexes.42, 43 Initial models of 

group I metals interacting with each binding site within the nucleobases (i.e., A, C, G, T, or 

U) or the phosphate moiety were taken from previous work and each group I metal was 

subsequently replaced with its adjacent group II metal counterpart (i.e., Be2+, Mg2+, Ca2+, 

Sr2+, Ba2+; Figure 4.1). All group II metal–nucleic acid complexes were optimized using 

MP2 with full electronic correlation in combination with the def2-TZVPP basis set. 

Subsequently, vibrational frequencies were evaluated at the same level of theory to confirm 

minima. The binding energy was calculated as the difference between the total energy of 

the dimer complex and the sum of the monomer energies (i.e., the metal and nucleic acid 

component). Our reference binding strengths were calculated using CCSD(T) extrapolated 

to the complete basis set limit (CBS) using the Helgaker scheme,44, 45 with the extrapolation 

performed using MP2 calculations with the def2-TZVPP and the def2-QZVPP basis sets, 

and CCSD(T)/def2-TZVPP. The def2 basis sets have been confirmed to be compatible with 
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this approach.46 The large-core Stuttgart Dresden (SDD) scalar relativistic effective core 

potential (ECP) was used for Ca2+, Sr2+, and Ba2+. The reported CCSD(T)/CBS values 

included averaged counterpoise-corrected and uncorrected MP2 binding strengths, which 

has been reported to minimize errors arising from incomplete basis sets.47-50  

The ability of 61 DFT methods (Table 4.1) to reliably describe the CCSD(T)/CBS 

binding strengths of group II metal–nucleic acid complexes was tested in combination with 

def2-TZVPP, as previous work has showed that different basis sets negligibly affect metal–

nucleic acid binding strengths.43 The scalar relativistic SDD ECP was used to describe Ca2+, 

Sr2+, and Ba2+. We assess 15 functionals that include Grimme’s D3 correction with  

Becke-Johnson (BJ) damping.51-53 Four functionals tested contain the D4 correction.54 We 

note that previous work investigated the impact of counterpoise corrections on group I 

metal–nucleic acid interactions and found that differences between corrected and 

uncorrected binding strengths are minimal (≤1.5% or ≤0.6 kcal/mol).42 Therefore, only 

DFT counterpoise-corrected values are considered in the present work.42 All calculations 

employing D4-corrected functionals, in addition to ωB97M-V, ωB97X-V, and  

ωB97X-D3(BJ), were carried out in ORCA 5.0.2 using “VeryTight” SCF convergence 

criteria.55 The remaining 54 functionals were implemented using Gaussian 16 (B.01) with 

the default convergence criteria.56 
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Table 4.1. Functionals tested in the present work for their ability to reproduce 

CCSD(T)/CBS group II metal–nucleic acid binding strengths. 

Family Functional D3a D4a %HFb %MP2 Ref. 

Double-Hybrid B2-PLYP X  53 27 57  
mPW2-PLYP   55 25 58  
PBE-QIDH   69 33.4 59  
PBE0-DH   50 12.5 60 

 DSD-PBEP86   68 (51,23)d 61 

RSH M11 
 

 42.8–100c 
 

62  
MN12-SX X  25–0c  63 

RSH meta-GGA ωB97M-V 
 

 15 
 

64 

RSH GGA ωB97 
 

 
  

65  
ωB97X X X 16  65  

ωB97X-D   22  66  
ωB97X-V   16.7  67 

 HSE06 X  25–0b  68-74  
LC-PBE     75, 76  

LC-ωPBE X    77-79  
CAM-B3LYP X  19–65b  80 

GH meta-GGA M06 
 

 27 
 

81  
M06-2X   54  81  
M06-HF   100  82  

BMK   42  83  
MN15   44  84 

 PW6B95   28  85 

GH GGA BH&HLYP 
 

 50 
 

86  
SOGGA11-X   40.15  87  

B3PW91 X  20  88  
PBE0 X  25  89  

B3LYP X X 20  88, 90  
X3LYP X  21  91  
O3LYP X    92 

 TPSSh   10  93, 94  
B97-2   21  95 

Local meta-GGA TPSS X X 
  

96 

 revTPSS     97, 98  
M11-L     99  
M06-L     100  

MN12-L     101  
MN15-L     102 

Local GGA mPW91 
 

 
  

103  
BLYP X    90, 104, 105  
BP86 X    90, 104  
PBE X X   75 
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Table 4.1. Continued.       

Family Functional D3a D4a %HFb %MP2 Ref. 

Local LDA SVWN5 
 

 
  

106 
aX signifies the functional was used with and without the D3(BJ) or D4 empirical dispersion 

correction. bHartree-Fock exchange percentage (%HF) contained in the functional. c%HF 

at short range (first value) and long range (second value). dThe spin-component-scaled 

formalism is used to determine the amount of MP2 in this functional, with the numbers 

representing opposite- and same-spin values, respectively. 

 

4.3. Results and Discussion 

4.3.1. Establishing the CCSD(T)/CBS data set consisting of group II metal–nucleic 

acid complexes 

From the CCSD(T)/CBS data set on group I metal–nucleic acid interactions,42 each 

group I metal generally preferred the 2NB > 1B1NB > 2B sites in the phosphate moiety, 

followed by nucleobase binding sites in the order of O6–N7 >> N2–N3 of G, O2–N3 >> 

N3–N4 of C, N6–N7 > N1–N6 > N3 of A, and O4 > O2 of T/U (Figure 4.2). The binding 

affinity decreased according to group I metal as Li+ >> Na+ >> K+ > Rb+ > Cs+ and 

according to nucleic acid component as P >> G > C >> A ~ T = U. In A, N6–N7 is dominant 

for Li+ and Na+, while N6–N7 and N1–N6 are equivalent for K+, Rb+, and Cs+. In C, N3–

N4 exclusively forms with Li+, while N2–N3 in G only occurs with Li+, Na+, and K+. 

Group II metals bind to A sites in a similar fashion to group I metals, forming 

bidentate interactions at the N6–N7 and N1–N6 sites of A, while monodentate interactions 

occur at the N3 site. Like group I metals, all group II metals form bidentate interactions 

with O6–N7 in G. However, unlike group I metals, all group II metals consistently form 

bidentate interactions with N2–N3 of G, with this complex not formed for Rb+ and Cs+.  

All group II metals bind to the O2–N3 sites in C. Additionally, all group II metals except 
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for Ba2+ form complexes with N3–N4 in C, unlike Na+, K+, Rb+, and Cs+. All group II 

metals bind to O4 or O2 in T/U and the 2NB sites in the phosphate moiety and form same 

structures as observed for group I metals. In the phosphate moiety, Be2+ and Mg2+ form 

bidentate complexes with the 1B1NB sites, like Li+. All remaining group II metals form the 

same structural motif for the 1B1NB site in the phosphate moiety, forming a 3-coordinate 

complex with 2B and 1NB oxygen sites (Figure C.1, Appendix C). Overall, there were 

more complexes formed between group II metals (69) and nucleic acid components than 

for group I (64), with the 5 additional complexes observed due to more group II metals 

binding to N3–N4 of C and N2–N3 of G.  

The nucleic acid binding decreases as P >> G >> C >> A >> T~U (Figure 4.2), with 

greater differences in binding strengths between metals for each nucleic acid component. 

The binding strengths decrease as P(2NB > 1B1NB > 2B), followed by G(O6–N7  

>> N2–N3), C(O2–N3 >> N3–N4), A(N6–N7 > N1–N6 > N3), and T/U(O4 > O2). Notably, 

there are alterations in metal binding behavior between the groups, with all group II metals 

preferentially binding to N6–N7 in A, followed by N1–N3, unlike group I metals which 

showed near equivalency between N1–N3 and N6–N7 with slight preference for N1–N3 in 

A. Nevertheless, the remaining metal–nucleic acid binding strength trends are consistent 

between group I and II metals. 
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Figure 4.2. Combined CCSD(T)/CBS data set of group I and II metal–nucleic acid 

complexes. All relative energies (kcal/mol) are reported with group I (GI) values in the first 

column and group II (GII) values in the second column, which are listed in increasing order 

of atomic size. Coordination distances for group I metal–nucleic acid interactions are 

available in previous work,42 while coordination distances for group II–metal nucleic acid 

interactions are available in Table C.1 in Appendix C. 

 

The magnitude of group II metal–nucleic acid binding strengths (Tables C.1–C.2, 

Appendix C) is significantly greater than for group I (Table C.3, Appendix C).42 Comparing 

the smallest metal from each group (Be2+ and Li+), which have the strongest binding 

affinities, Be2+ binds to the phosphate moiety (2NB) and O6–N7 in G, respectively, ~3 and 

~4 times stronger than Li+. As the size of the metal increases, a drastic increase in the 
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magnitude in the binding strength occurs in group II relative to group I metal–nucleic acid 

complexes. As a specific example, Ba2+ is bound to the 2NB sites of the phosphate moiety 

~13 times more strongly than Cs+, while there is ~3 times enhanced Ba2+ binding to  

O6–N7 in G compared to Cs+. The greater binding affinities are supported by shorter 

coordination distances in group II than group I metal–nucleic acid complexes, with the 

largest decrease in coordination distance being 0.479 Å from Cs+ to Ba2+ (Table C.1, 

Appendix C).42 Additionally, the relative energies between complexes for a given metal–

nucleic acid binding site are greater for group II than group I metals, implying stronger 

preference for group II metals at each nucleic acid site. Overall, we have provided the first 

comprehensive data set of gas-phase interactions between group II metals and nucleic acid 

components. 

 

4.3.2 Evaluation of functional performance for reproducing CCSD(T)/CBS group II 

metal–nucleic acid binding strengths 

Building on our previous work that generated a CCSD(T)/CBS data set on group I 

metal–nucleic acid interactions,42 we have expanded our scope to include group II metals. 

By combining both CCSD(T)/CBS data sets, we can compare structural and binding 

strength differences between group I and II metal–nucleic acid interactions. Computational 

methods that can reliably describe both groups are required to understand the roles of 

metals and metal competition in different applications that utilize group I and II metal–

nucleic acid interactions. We initially compared functional performance using percent 

errors (PE) and unsigned errors (UE), metrics that will provide a balanced description of 
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metal–nucleic acid interactions given the variation in binding strengths across metals of 

different sizes and identify reliable methods for these interactions.  

 

4.3.3. ωB97M-V is the most reliable functional for describing group I and II metal–

nucleic acid binding strengths 

Combining data sets for both group I and II metal–nucleic acid interactions results 

in significant outliers and deviations in the statistics for both metrics (Figures 4.3 and C.2; 

Table C.3, Appendix C). Although there is no single functional that achieves highly 

accurate descriptions of group I and II metal–nucleic acid interactions with maximum 

errors within chemical accuracy for main group elements (1.0 kcal/mol),107 there are a few 

robust methods that offer consistently reliable performance over both groups of metals. In 

particular, the functional that comes the closest to achieving chemical accuracy with the 

smallest average errors (0.8% MPE; 0.6 kcal/mol MUE) and a remarkably low maximum 

UE of 1.9 kcal/mol is ωB97M-V. Therefore, ωB97M-V is recommended as the most 

suitable functional for studying group I and II metal–nucleic acid interactions, especially 

in the context of metal competition. Other robust methods include mPW2-PLYP, M06-2X, 

and mPW91, with similarly small average deviations (1.2–1.5% MPE; 1.0–1.2 kcal/mol 

MUE), albeit larger maximum errors (~5–12%; ~4–6 kcal/mol). 

According to our previous study, there was significant fluctuation in functional 

performance across group I metal–nucleic acid interactions, with the largest discrepancies 

arising from the PEs rather than UEs.42 Despite variation in functional performance, 

ωB97M-V and mPW2-PLYP emerged as the most reliable methods for describing group I 
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metal–nucleic acid interactions, with the smallest MPEs and MUEs (≤1.6%; <1.0 kcal/mol; 

Figure 4.3 and C.2, Appendix C).42  

The PEs for group II metal–nucleic acid interactions are more consistent than those 

of group I metals, with lower PEs and fewer outliers in the boxplots (Figure 4.3 and C.2; 

Table C.5, Appendix C). However, there are more highly dispersed errors across functional 

families when comparing the UEs of group I and II metals. This is likely due to group II 

metals having higher binding energies than group I metals, leading to smaller PEs. 

Nevertheless, it is important to consider both PEs and UEs to provide a complete 

understanding of functional performance. The recommended functionals for group II 

metal–nucleic acid interactions are ωB97M-V and ωB97X-V, which demonstrate the 

smallest average errors (<1.0% MPE; ≤1.0 kcal/mol MUE) and maximum errors  

(<3%; <3 kcal/mol), closely followed by PBE0-DH, with slightly greater average  

(0.9% MPE; 1.3 kcal/mol MUE) and maximum UE (3.8 kcal/mol; Figures 4.3 and C.2; 

Tables 4.2 and C.4, Appendix C). Additionally, mPW2-PLYP is recommended for 

describing group II metal–nucleic acid complexes (1.2% MPE; 1.0 kcal/mol MUE), albeit 

with larger maximum UEs (5.3%; 5.7 kcal/mol).  
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Overall, group I metal–nucleic acid interactions are more challenging to describe 

by functionals compared to group II metals. Indeed, 19 functionals are deemed reliable over 

group II metals, while 11 are recommended for group I metals. This result is highlighted in 

the combined group I and II metal–nucleic acid dataset (Table C.4. Appendix C), which 

demonstrates a greater number of outliers in the PEs that is attributed to the weaker binding 

strengths of group I metal–nucleic acid complexes and thereby group I metals are more 

sensitive to errors. In contrast, the outliers in UEs are dominated by group II metals, 

however, the gaps in binding strengths between each group II metal is greater than for group 

I, which demonstrates less risk of altering binding strength trends of metal–nucleic acid 

interactions based on functional choice. Given that key differences in functional 

performance over group I and II metals and between group I or II metals, functional 

performance is subsequently explored within group II metals. 

 

 

Table 4.2. Recommended functionals from each family according to the rungs of Jacob’s 

Ladder (X) and the most accurate functionals overall (X*, bold) for metal–nucleic acid 

complexes.a 

Family Functional  
Group 

I&II 

Group 

I 

Group 

II 

 
Be2+ Mg2+ Ca2+ Sr2+ Ba2+ 

Double-Hybrid B2-PLYP   X X   X X X* X 

 B2-PLYP-D3       X X   

 mPW2-PLYP  X* X* X   X X X* X* 

 PBE-QIDH      X   X X 

 PBE0-DH    X*  X  X X  

 DSD-PBEP86    X  X  X X  

RSH M11           

 MN12-SX           

 MN12-SX-D3           

RSH meta-

GGA 
ωB97M-V  X* X* X*  X* X* X X* X* 

RSH GGA ωB97          X 

 ωB97X          X* 

 ωB97X-D        X   

 ωB97X-D3           

 ωB97X-V   X X*  X* X X X* X* 

 ωB97X-D4      X X    

 HSE06    X    X* X  

 HSE06-D3           
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Table 4.2. Continued. 
Family Functional  

Group 

I&II 

Group 

I 

Group 

II 
 Be2+ Mg2+ Ca2+ Sr2+ Ba2+ 

 LC-PBE           

 LC-ωPBE        X X X 

 LC-ωPBE-D3       X* X X  

 CAM-B3LYP          X 

 
CAM-B3LYP-

D3 
 

 
  

 
     

GH meta-GGA M06      X     

 M06-2X  X* X* X  X* X X X  

 M06-HF        X X  

 MN15      X    X* 

 BMK        X* X* X 

 PW6B95    X   X X X X 

GH GGA BH&HLYP       X   X 

 SOGGA11-X    X   X  X* X 

 B3PW91    X  X     

 B3PW91-D3           

 PBE0   X X    X X X 

 PBE0-D3           

 B3LYP   X     X* X X 

 B3LYP-D3           

 B3LYP-D4           

 X3LYP        X X X 

 X3LYP-D3           

 O3LYP        X   

 O3LYP-D3           

 B97-2    X  X  X   

 TPSSh           

Local meta-

GGA 
revTPSS  

 
X X 

 
 X X X X 

 TPSS   X X   X X X X 

 TPSS-D3           

 TPSS-D4           

 M06-L      X     

 M11-L           

 MN12-L      X     

 MN15-L    X    X X X 

Local GGA mPW91  X*  X  X X* X* X X* 

 BLYP   X     X X X 

 BLYP-D3           

 BP86    X  X X    

 BP86-D3           

 PBE   X X    X X X 

 PBE-D3           

 PBE-D4           

Local LDA SVWN5           

            
aX signifies functionals that offer reasonable accuracy according to functional family 

for each group II metal or across groups I and II of metals. X* represents the most 

accurate functionals among the 61 tested for describing metal–nucleic acid complexes. 
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Figure 4. 3. Boxplot of the percent errors (%) for group I metals (top), group II metals 

(middle), and group I and II metals (bottom). Each color represents a functional family 

according to the rungs of Jacob’s Ladder. The boxplot for group I metal–nucleic acid 

interactions was obtained from our previous study.42 
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4.3.4. Exploring functional performance for group II metals interacting with nucleic 

acids according to functional family 

To further explore functional variation observed in the boxplots for group II metal–

nucleic acid interactions, we focus our analysis on how functionals describe individual 

interactions between group II metals and each nucleic acid component (Figure 4.4). The 

disparities in the PEs highlight the dependency of functional performance on metal identity 

and nucleic acid component considered. To understand how functionals describe each 

group II metal–nucleic acid complex, the following sections investigate functional 

performance across different families. Specifically, the following sections are ordered 

according to the rungs in Jacob’s Ladder, with double-hybrid, range-separated hybrid, 

global-hybrid meta-GGA, global-hybrid GGA, meta-GGA, GGA, and LDA. 
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Figure 4.4. Performance of each functional for describing each group II metal–nucleic acid 

binding strength compared to CCSD(T)/CBS reference values, reported as percent errors 

(%). 

 

4.3.4.1. Double hybrids 

In general, the double-hybrid family provides a reliable description of each group 

II metal interacting with nucleic acid components, regardless of metal, with minimal 

discrepancies in the average MPEs (0.3–3.4%) and slightly greater fluctuations in MUEs 
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(0.6–4.1 kcal/mol; Figures 4.5 and C.3; Table C.6, Appendix C). Nevertheless, there are 

different functionals that emerge as top performers for each metal. Specifically, PBE0-DH 

and DSD-PBEP86 are the best functionals for describing Be2+ complexes, with the smallest 

average errors (0.5–0.6% MPE; 1.5–1.7 kcal/mol MUE), standard deviations  

(0.3%; 0.9 kcal/mol), and maximum errors (1.1%; 3.0 kcal/mol), as well as no outliers 

regardless of metric considered. Following, PBE-QIDH (0.5% MPE; 1.3 kcal/mol MUE) 

is a reliable option for studying Be2+ complexes, albeit with slightly larger maximum errors 

(1.5%; 3.3 kcal/mol). While B2-PLYP, B2-PLYP-D3, and mPW2-PLYP are not 

recommended for complexes involving Be2+, these functionals provide an excellent 

description (0.3–0.8% MPE; 0.5–1.5 kcal/mol MUE) of Mg2+ complexes, with mPW2-

PLYP emerging as the most reliable option for Mg2+, with the smallest average (0.3% MPE; 

0.5 kcal/mol MUE) and maximum deviations (1.5%; 2.0 kcal/mol). For the Ca2+ 

complexes, there are many functionals in the double-hybrid family that yield accurate 

results and no outliers, including B2-PLYP, B2-PLYP-D3, mPW2-PLYP, PBE0-DH, and 

DSD-PBEP86 (0.7–1.1% MPE; 0.8–1.3 kcal/mol MUE). Sr2+ and Ba2+ complexes exhibit 

similar functional performance, with B2-PLYP, mPW2-PLYP, and PBE-QIDH all deemed 

reliable (0.6–0.8% MPE; 0.6–0.8 kcal/mol MUE) for describing both metals. PBE0-DH 

and DSD-PBEP86 are only recommended for Sr2+ complexes (0.9–1.2% MPE;  

0.7–1.2 kcal/mol), with low spreads in the data based on boxplot visualizations. Altogether, 

these results highlight that while the best-performing functionals in the double-hybrid 

family may vary for different metals, the double-hybrid family provides reliable 

descriptions of group II metal–nucleic acid binding strengths.  
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Figure 4.5. Boxplot of the percent errors (%) for the double-hybrid family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal. 

 

4.3.4.2. Range-separated hybrids 

Overall, the range-separated hybrid family exhibits greater fluctuation than the 

double-hybrids in functional description of each group II metal (Figures 4.6 and C.4; Table 

C.7, Appendix C). Despite these fluctuations, two functionals within this family 

consistently yield accurate results across all group II metals, specifically, ωB97M-V and 

ωB97X-V with remarkably small average (0.3–1.0% MPE; 0.4–1.6 kcal/mol MUE) and 

maximum deviations (2.8%; 2.9 kcal/mol). Aside from these two functionals, ωB97X-D4 

is also deemed reliable for Be2+ and Mg2+ complexes (0.4–0.5% MPE; 0.7–1.4 kcal/mol 

MUE), while LC-ωPBE-D3 is also accurate for describing Mg2+ complexes (0.5% MPE; 

0.9 kcal/mol). For the heavier metals (Ca2+, Sr2+, and Ba2+), a greater number of functionals 

offer reliable descriptions of these complexes compared to Be2+ and Mg2+. HSE06 is the 

top performing functional from the range-separated hybrid family for complexes containing 

Ca2+, with minimal average deviations (0.8% MPE; 0.8 kcal/mol MUE) and the smallest 
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maximum errors (2.1%; 1.7 kcal/mol), followed by ωB97X-D (1.3% MPE; 1.5 kcal/mol 

MUE). Both LC-ωPBE, and LC-ωPBE-D3 are deemed reliable for complexes involving 

Ca2+ and Sr2+ (1.1–1.7% MPE; 1.0–1.6 kcal/mol MUE). For Ba2+ complexes, ωB97,  

LC-ωPBE, and CAM-B3LYP are recommended, as they exhibit exceptionally small 

average (0.8–1.1% MPE; 0.6–1.0 kcal/mol MUE) and maximum (3.3%; 2.0 kcal/mol) 

errors. While functionals in the range-separated-hybrid family have more widely dispersed 

errors than the double-hybrid family, the top performers (ωB97M-V and ωB97X-V) offer 

reliable and computationally cheaper alternatives to the double-hybrid functionals for 

describing group II metal–nucleic acid interactions. 

 

Figure 4.6. Boxplot of the percent errors (%) for the range-separated hybrid family with 

respect to CCSD(T)/CBS reference values grouped according to group II metal. 

 

4.3.4.3. Global-hybrid meta-GGA 

 In general, functionals in the global-hybrid meta-GGA family exhibit less spread 

than those in the range-separated hybrid family. Within the global-hybrid meta-GGA 
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family, M06-2X provides the best description of Be2+–nucleic acid complexes, with 

minimal average (0.8% MPE; 2.4 kcal/mol MUE) and maximum (1.3%; 3.3 kcal/mol) 

errors (Figures 4.7 and C.5; Table C.8, Appendix C). Otherwise, M06 and MN15 offer 

reasonable performance for Be2+ complexes (1.0–1.4% MPE; 3.0–4.1 kcal/mol MUE). 

Only M06-2X and PW6B95 are deemed reliable from this family to study Mg2+–nucleic 

acid complexes, with exceptionally low average deviations (0.3–0.5% MPE;  

0.5–0.9 kcal/mol MUE). BMK, M06-2X, and PW6B95 are the most accurate functionals 

for Ca2+ and Sr2+ complexes, with small errors (0.6–1.2% MPE; 0.5–1.4 kcal/mol MUE) 

and no outliers in the boxplot, followed by M06-HF (0.9–1.0% MPE; 1.2 kcal/mol). MN15 

emerges as the top performing functional for Ba2+ complexes with minimal deviations 

(0.9% MPE; 0.6 kcal/mol MUE), followed by BMK and PW6B95 (1.3% MPE;  

1.4 kcal/mol MUE). Overall, M06-2X and PW6B95 serve as excellent cost-effective 

alternatives to functionals in the range-separated hybrid family for studying group II metal–

nucleic acid interactions. 

 

Figure 4.7. Boxplot of the percent errors (%) for the global hybrid meta-GGA family with 

respect to CCSD(T)/CBS reference values grouped according to group II metal. 



147 

 

4.3.4.4. Global-hybrid GGA 

The global-hybrid GGA family demonstrates considerable variation in functional 

performance, with deviations becoming more pronounced as the size of the metal increases 

(Figures 4.8 and C.6; Table C.9, Appendix C). Only two (B3PW91 and B97-2) of the 15 

functionals within this family offer a reliable description of Be2+ complexes (0.3–0.6% 

MPE; 1.0–1.9 kcal/mol MUE). Like Be2+, only two functionals (BH&HLYP and 

SOGGA11-X) produce reliable results for complexes involving Mg2+. These functionals 

lead to the smallest errors (0.9% MPE; 1.6 kcal/mol MUE) and no outliers in the boxplots. 

There are more options of reliable functionals for describing Ca2+ complexes, with five 

functionals (PBE0, B3LYP, X3LYP, O3LYP, and B97-2) recommended based on their 

accuracy (0.7–0.9% MPE; 0.7–0.9 kcal/mol MUE). With the smallest maximum errors 

regardless of metric (1.6%; 1.6 kcal/mol), B3LYP emerges as the most accurate method of 

the five functionals. Multiple functionals produce similarly reliable results for Sr2+ and Ba2+ 

complexes. Specifically, X3LYP, B3LYP, PBE0, and SOGGA11-X perform well for Sr2+ 

(0.8–0.9% MPE; 0.7–1.0 kcal/mol MUE) and Ba2+ (1.2–1.6% MPE; 1.3–1.7 kcal/mol 

MUE), with SOGGA11-X demonstrating the highest accuracy for Sr2+ (0.8% MPE; 0.7 

kcal/mol MUE). BH&HLYP is also recommended for Ba2+ complexes (1.6% MPE; 1.5 

kcal/mol MUE). Despite significant variation across functionals in the global-hybrid GGA 

for describing group II metal–nucleic acid interactions, SOGGA11-X and PBE0 emerge as 

reliable cost-effective alternatives to characterize the binding strengths of group II metal–

nucleic acid complexes. 
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Figure 4.8. Boxplot of the percent errors (%) for the global hybrid GGA family with respect 

to CCSD(T)/CBS reference values grouped according to group II metal. 

 

4.3.4.5. Meta-GGA, GGA, and LDA 

The meta-GGA family shows disparities in functional performance between group 

II metals (Figures 4.9 and C.7; Table C.10, Appendix C). Two functionals in this family 

(revTPSS and TPSS) offer reasonable performance in describing complexes involving 

Mg2+, Ca2+, Sr2+, or Ba2+ (0.8–2.6% MPE; 1.0–2.5 kcal/mol MUE). MN15-L is only 

deemed reliable for Ca2+, Sr2+, and Ba2+ complexes (0.8–2.0% MPE; 0.9–1.9 kcal/mol 

MUE). In contrast, no meta-GGA family members demonstrate excellent performance for 

Be2+, although M06-L and MN12-L (0.9–1.6% MPE; 2.9–4.5 kcal/mol MUE) offer 

reasonable accuracy but come with notably large maximum UEs (7.2–9.4 kcal/mol).  
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Figure 4.9. Boxplot of the percent errors (%) for the meta-GGA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal. 

 

For the Be2+ complexes, mPW91 and BP86 are the most dependable functionals in 

the GGA family, with the smallest average errors (0.7–1.1% MPE; 2.0–3.1 kcal/mol MUE; 

Figures 4.10 and C.8; Table C.11, Appendix C). These functionals are also recommended 

for Mg²⁺ (0.9–1.6% MPE; 1.6–2.9 kcal/mol MUE), with mPW91 providing the most 

accurate description with the smallest average (0.9% MPE; 1.6 kcal/mol MUE) and 

maximum deviations (2.0–2.8%; 4.7–6.3 kcal/mol). The best-performing GGA functional 

for Ca²⁺, Sr²⁺, and Ba²⁺ complexes is mPW91 (0.7–1.3% MPE; 0.7–1.5 kcal/mol MUE). 

Additionally, BLYP and PBE yield similarly reliable results (1.1–2.4% MPE;  

1.1–2.1 kcal/mol MUE). While the meta-GGA and GGA family show significant variability 

in functional performance, MN15-L (meta-GGA) and mPW91 (GGA) both provide 

reasonably accurate descriptions of group II metal–nucleic acid interactions. 
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Figure 4.10. Boxplot of the percent errors (%) for the GGA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal. 

 

Finally, the LDA family is included for completeness within the hierarchical 

framework of Jacob’s Ladder. SVWN5 yields large average errors (3.0–4.0% MPE;  

7.2–7.5 kcal/mol MUE) for smaller metals (Be2+ and Mg2+), while SVWN5 is more 

consistent with small average errors (1.8–2.0% MPE; 1.5–2.2 kcal/mol MUE) for the larger 

metals (Ca2+, Sr2+, and Ba2+; Figures 4.11 and C.9; Table C.12, Appendix C). 
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Figure 4.11. Boxplot of the percent errors (%) for the LDA family with respect to 

CCSD(T)/CBS reference values grouped according to group II metal. 

 

4.4. Conclusions 

Overall, this study expands the existing data set on group I metal–nucleic acid 

interactions to include a comprehensive set of group II metal–nucleic acid complexes. For 

the first time, the structures of group II metals coordinating to each binding site within each 

nucleic acids (i.e., A, C, G, T, U, and the phosphate moiety) have been determined using a 

high level of theory (MP2/def2-TZVPP), in addition to gold-standard binding energies 

calculated using CCSD(T) at the complete basis set limit. Subsequently, 61 DFT methods 

were assessed on their ability to reproduce CCSD(T)/CBS binding strengths of 69 group II 

metal–nucleic acid interactions. Overall, the best performing functional for describing both 

group I and II metal data sets is ωB97M-V. For investigating group II metal–nucleic acid 

complexes, ωB97M-V, ωB97X-V, and PBE0-DH yield highly accurate results. Within each 

functional family, the top-performing functionals vary for each metal. When comparing 

functional performance between group I and II metals, group I demonstrates significant 
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variation in PEs, but lower UEs than group II metals, while group II demonstrates lower 

PEs, but larger UEs than group I metals. This result is due to group II metal–nucleic acid 

binding strengths larger in magnitude than group I metals. Nevertheless, M06-2X and 

mPW91 are cost-effective alternatives from the lower rungs of Jacob’s Ladder compared 

to ωB97M-V to study both group I and II metal–nucleic acid complexes. Although this 

chapter discusses gas-phase results, the inclusion of implicit solvent will decrease the 

magnitude of the binding strengths but the relative preference of metals for each binding 

site and the relative performance of functionals is likely to be the same in different solvent 

environments. The impact of both explicit and implicit solvent on metal–nucleic acid 

interactions is examined in Chapter 6 for the representative example of Li+. 
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Chapter 5: Assessment of DFT Methods for the Structural Prediction of Transition 

and Post-Transition Metal–Nucleic Acid Complexes  

Preface: The contents of this chapter have been published [Boychuk, B. T. A.; Wetmore, 

S. D. Assessment of Density Functional Theory Methods for the Structural Prediction of 

Transition and Post-Transition Metal–Nucleic Acid Complexes. J. Chem. Theory Comput. 

2023, 19 (15), 5273-5288].  
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5.1. Introduction 

Metal ions play vital roles in nucleic acid chemistry.1-4 For example, metals provide 

charge and structural stabilization that aid the formation of higher-order structural motifs 

with distinct functions such as DNA double or triple helices, G-quadruplexes, loops, and 

helical junctions.3,5,6 Beyond structural stability, metal ions can act as catalytic co-factors 

in nucleic acid systems. Indeed, ribozymes and DNAzymes often use metals to aid 

phosphodiester bond cleavage or general organic reactions (e.g., Diels-Alder reactions).4 

Metal–nucleic acid interactions have been shown to play important roles in medicine, with 

perhaps the best known example being cisplatin–DNA cross-links formed as a common 

cancer treatment strategy.7 Alternatively, nucleic acid platforms can be designed to detect 

toxic metals for medicinal and environmental applications due to their cost-effectiveness, 

green properties, and anticipated high binding affinity and specificity.8 

Among all metals, transition and post-transition metal ions are of particular interest 

due to their unique physiochemical properties. For example, transition metals are 

commonly used in pharmaceuticals, with potential uses in anti-inflammatory, anti-

infective, and chemotherapeutic agents.9,10 In fact, Co, Fe, Cu, Pt, Au, Ag, Ru, Os, and Ir-

containing complexes have all shown anticancer properties.9-11 Nevertheless, excess 

concentrations of transition metals can generate reactive oxygen species, which can lead to 

cellular and tissue damage.12 Indeed, human exposure to high levels of Cu results in lipid 

peroxidation, DNA damage, and mitochondrial damage, which cause liver disease, central 

nervous system dysfunction, and death.12-14 In terms of post-transition metals, Pb2+ is one 

of the most toxic heavy metal pollutants transmitted through the food chain via pesticides, 

herbicides, plumbing, automobile exhaust, and industrial waste.15 Pb2+ is carcinogenic to 



164 
 

humans and exposure during early development is particularly damaging to the nervous 

system, impacting cognitive ability and inducing seizures.15 Thus, in addition to metal-

containing pharmaceuticals that interact with nucleic acids, there is a need for advanced 

nucleic acid platforms that can detect toxic metal contaminants. While nucleic acids have 

been developed to selectively bind certain transition and post-transition metals (e.g., Cu2+, 

Pb2+, Cd2+, Mn2+, Hg2+, and Fe2+), there are ongoing design challenges at least in part to 

ensure specificity for each of these metal and detection systems for other important targets 

have yet to be generated.8  

To further our understanding of metal behavior in biology and exploit nucleic acids 

in medicinal and biotechnological applications, the fundamental structural and chemical 

roles of metal ions in nucleic acid chemistry must be uncovered. In this light, several 

experimental and computational studies have investigated the physicochemical features of 

different metal–nucleic acid complexes, including those involving transition or post-

transition metals.2,4,8,16-45 Computational chemistry in particular can provide valuable 

structural and chemical information about metal–nucleic acid interactions. For example, 

previous investigations have explored the structures and energetics of complexes between 

3d transition metals in the +1 oxidation state and each coordination position of guanine33 

and adenine.32,33,40 Additional studies have investigated interactions between Zn2+, Cd2+, or 

Hg2+ and the canonical DNA/RNA nucleobases,24,34,37 the phosphate moiety,37 or modified 

(thioguanine and thiocytosine) base pairs.36 Au–1/0/+ or Ag0/+ complexes with the 

DNA/RNA nucleobase, deoxyguanine monophosphate, and GC/AT base pairs have been 

explored,35 as well as Ag+ or Au+ metal-mediated base pairs.45 Platinum–DNA interactions 

have also been investigated with the goal to assess the binding affinities of different 
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cisplatin drugs with DNA.41 Aside from transition metals, Pb2+ binding to thymine or uracil 

and their thio analogues has been considered.38,39 Since data only exist for select metal–

nucleic acid interactions, gaps remain in the literature8,31 and a systematic investigation is 

required to gain fundamental structural and chemical information for a full range of metal–

nucleic acid complexes. 

As a requirement for studies of metal–nucleic acid interactions, an accurate 

computational methodology must be selected. While improved MP2 (correlation consistent 

Composite Approach, ccCA) and full configuration interaction (Full-CI) approaches have 

been deemed accurate for thermochemical properties of transition metal complexes,46,47 

such methods are not feasible for biosystems due to high computational costs. As a result, 

the majority of metal–nucleic acid studies to date employed DFT, specifically  

B3LYP,32-34,36,37,40 which has been reported to inaccurately describe transition metal 

complexes.48 Although BH&HLYP has been used for Pt2+ and ab initio methods (MP2) for 

Zn2+, Cd2+, and Hg2+ complexes,36,37,41 there are also uncertainties regarding the accuracy 

of these approaches for metal–nucleic acid interactions and limited systems (deoxyguanine 

monophosphate or GC base pairs with select metals) have been explored. Indeed, previous 

literature reports varying reliability of DFT methods for structure, energetics, and other 

properties of transition and post-transition metal complexes.46,49-58 For example, while 

mPW2-PLYP is the top performer for the ccCA-TM/11 test set of 193 experimental 

enthalpies,51 τ-HCTHhyb is recommended for a subset of 70 complexes that contain 

specific ligands (e.g., hydrides, halides, or oxides).52 Additionally, a previous 

computational investigation of ruthenium-based Grubbs catalysts revealed that DFT 

functionals result in diverse geometries.59 Although this literature highlights the importance 
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of testing DFT method performance for specific metal complexes,46,53-57 to the best of our 

knowledge no benchmark study has systematically investigated transition and post-

transition metal–nucleic acid systems. Since nucleic acid ligands (purines, pyrimidines, and 

phosphate moieties) contain chemically diverse binding sites compared to complexes 

previously explored,46,53-57 it is important to analyze the ability of DFT to describe metal–

nucleic acid complexes. Furthermore, there is limited data available in general for larger 

metal complexes (30–100 atoms) and open-shell systems,60 which are particularly relevant 

to metal–nucleic acid chemistry. Thus, the performance of different DFT functionals for 

metal–nucleic acid systems must be critically assessed. 

To identify reliable DFT methods for the accurate structural prediction of transition 

and post-transition metal–nucleic acid complexes, the present work initially investigates 

the ability of 20 DFT functionals to reproduce crystal structure geometries. Initially, the 

PDB and CSD are surveyed to identify representative complexes between purine or 

pyrimidine-type ligands and transition or post-transition metal, that vary in the metal, 

oxidation state, ligand (i.e., nucleobase or phosphate mimic), and coordination geometry 

(Figures 5.1 and D.1–D.2, Appendix D). Subsequently, computed geometries from all-

electron DFT optimizations in the environmental extremes of the gas phase and implicit 

water, as well as with an effective core potential (ECP), are compared to the corresponding 

experimental reference structure. The most accurate DFT methods identified herein can be 

reliably used in future computational investigations of transition and post-transition metal–

nucleic acid systems geared towards understanding the roles of metal ions in biology as 

well as the design of novel nucleic acid–based pharmaceuticals and metal-sensing 

platforms. 
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Figure 5.1. Models of the 53 representative transition and post-transition metal–nucleic 
acid complexes from the PDB and CSD investigated in the present work. The 12 crystal 
structures highlighted in blue are analyzed separately due to the inability of any functional 
to reproduce the experimental geometry. Enlarged versions of the models shown in Figure 
1 are available in Appendix D (Figures D.1–D.2). 

 

5.2. Computational Methodology 

5.2.1. Database Survey 

To identify representative transition and post-transition metal–nucleic acid 

complexes, the PDB was searched for systems containing a nucleic acid and the following 

metals and oxidation states: Sc+/3+, Ti2+/3+/4+, V2+/3+/4+/5+, Cr2+/3+/4+, Mn2+, Fe2+/3+, Co2+/3+, 

Ni2+, Cu+/2+, Zn2+, Pd2+, Ag+/2+, Cd2+, Pt2+, Au+/3+, Hg2+, and Pb2+. This selection of metals 
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covers those previously reported to interact with nucleic acids.8,16,33,61 All X-ray crystal 

structures of DNA/RNA and DNA/RNA–protein complexes available in the PDB prior to 

July 2019 were surveyed. However, only crystal structures with a resolution better than  

2.5 Å were used to generate our test set. The electron density map for each crystal structure 

was visually inspected to confirm the metal location. The metal coordination sphere was 

carefully analyzed to identify metal–nucleic acid contacts that involve a nucleobase and/or 

phosphate component. Only structures with coordination distances between the metal and 

a nitrogen or oxygen atom of the nucleic acid component < 2.6 Å for transition metals or 

3.0 Å for post-transition metals were included in the test set.  

While PDB structures provide excellent examples of metal–nucleic acid complexes, 

the quality of the structural data is limited by the resolution, which affects the description 

of metal–ligand coordination,62 and there is a lack of suitable high-resolution crystal 

structures of complexes between nucleic acids and metals in the PDB. Therefore, we 

expanded our search to the CSD (Version 5.40). Using the substructure feature of the CSD 

elemental sketcher, purine and pyrimidine rings (i.e., nucleobase subcomponents) were 

constructed and all nitrogenous and oxygenous metal binding sites were surveyed. The 

metal–pyrimidine or purine complexes were then visually inspected to confirm at least one 

metal–nitrogen/oxygen contact with the purine or pyrimidine subcomponent.  

Among the representative nucleic acid–metal interactions identified in the PDB and 

CSD, 53 were selected to form our test set (Figure 5.1), which span all nucleic acid 

components and many metals. Aside from metal–nucleic acid subcomponent interactions, 

complexes with the simultaneous coordination of water to satisfy the coordination sphere 

were selected. Structures containing other ligands (e.g., nitrate or triflate ions) were also 
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included to increase the size of the test set. The structures extracted from both databases 

involve the preferred coordination geometries of the metals, including octahedral (i.e., 3d 

transition metals), trigonal bipyramidal, square-planar (i.e., d8 metals), linear, and 

tetrahedral, while no geometrical preference was applied to Pb2+ due to its inherently 

flexible coordination sphere. Additional details of the structures found and those included 

in our test set are provided in the Results and Discussion, and the general workflow used 

to design the test set is provided in Appendix D (Figure D.3). 

 

5.2.2. Model Building 

Models of the metal–nucleic acid complexes were built based on the 53 crystal 

structures taken from the PDB and CSD. Only ligands directly coordinated to the metal 

center were included in the models. In complexes with DNA/RNA strands, nucleobase 

ligands were generated by truncating at the N-glycosidic bond and adding a hydrogen atom 

to N1 of the pyrimidines or N9 of the purines using GaussView 6.0, while phosphate 

ligands were obtained by cleaving the DNA backbone at the neighboring nucleotides such 

that the ligand maintains the corresponding C5′ and C3′ atoms. Although this approach 

ensures the models are computationally feasible, the impact of the surrounding crystalline 

environment and crystal packing effects are ignored. The final models used in the test set 

are shown in Figures 5.1 and D.1–D.2 in Appendix D, with structures extracted from the 

same PDB ID differentiated by metal atom ID.  
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5.2.3. Electronic Structure Calculations 

Each model generated from PDB and CSD structures was subjected to geometry 

optimization using a range of functionals. Specifically, B3LYP,63,64 BP86,64,65 BLYP,64-66 

PBE,67 and TPSS68 were selected for testing, both in an uncorrected form and a form that 

includes Grimme’s D369,70 empirical dispersion correction with Becke–Johnson (BJ) 

damping.71 Functionals from the Minnesota family (MN1572 and MN15-L73), and 

ωB97X,74 ωB97X-D,75 and B97D370,76 were also considered. These 15 functionals are 

commonly used to study transition metal complexes,33,50,72,77-81 and were used in 

preliminary calculations on the entire 53-model test set. Complexes with geometries that 

could not be reproduced by any of the 15 functionals were removed from the test set and 

analyzed separately (12 test set), which reduced the test set from 53 to 41 complexes (Figure 

D.3, Appendix D). An additional 5 functionals, namely PW6B95,82 TPSSh,83  

ωB97X-D3(BJ), ωB97X-V,84 and the composite method PBEh-3c,85 were also explored 

and analyzed in detail using the test set composed of the remaining 41 complexes.  

The def2-SVP86 double-zeta Karlsruhe basis set was used due to its coverage of a 

wide range of the periodic table and its computational efficiency, while remembering the 

size and number of diverse complexes included in the test set and the goal to identify 

methods that can be applied in the future to larger nucleic acid systems. Nevertheless, to 

investigate the impact of basis set size on the predicted geometries, the def2-TZVP  

triple-zeta Karlsruhe basis set was considered in combination with MN15, one of our 

recommended functionals, for a subset of 12 complexes that vary in size (2 with 1 nucleic 

acid ligand, 7 with 2 nucleic acid ligands, and 3 with 3 or more nucleic acid ligands) and 

metal identity (Table D.1, Appendix D). There are minimal differences  
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(0.1–1.7% inner-shell MPE) in the inner coordination sphere predicted using double-zeta 

and triple-zeta basis sets regardless of the complex. In addition, there are small differences 

in the all-heavy-atom RMSDs (≤ 0.020 Å) for 11 out of 12 complexes, with def2-TZVP 

affording an improved global geometry for the final complex (BORFOE; Table D.1, 

Appendix D). Additionally, the effects of diffuse functions were considered on all 

negatively charged complexes in our 41-system test set (XOSLUO and 5IX7) using MN15 

in conjunction with def2-SVPD. Upon comparison to def2-SVP results, there are negligible 

differences upon inclusion of diffuse functions in the inner coordination sphere (0.2% 

inner-shell MPE) and the global structure (≤ 0.002 Å all-heavy-atom RMSD) for these 

complexes (Table D.2, Appendix D). Furthermore, the representative TPMTPB complex 

was re-optimized with diffuse functions to consider the impact of basis set expansion on a 

negatively charged system for which no functional could reproduce the experimental 

structure. However, the experimental structure could still not be reproduced upon inclusion 

of diffuse functions (Figure D.4, Appendix D). When these minimal BSSE effects on the 

geometries of the metal–nucleic acid complexes are coupled with the large number of 

structure and functional combinations considered in the present work, the smaller  

def2-SVP basis set was confidently used throughout this study.  

Both all-electron and ECP calculations (using the Stuttgart-Dresden ECP87,88) were 

performed for each functional. The impact of a relativistic ECP on the predicted metal–

nucleic acid geometries was investigated for a subset of 10 complexes containing a heavy 

metal with Z > 36 using one of our recommended DFT methods (MN15) in combination 

with zeroth-order regular approximation (ZORA), a robust relativistic basis set identified 

to consistently describe molecular properties89 that has been applied in QM/MM studies of 
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metalloenzymes.90 There are minimal differences in the inner coordination geometries 

evaluated with a relativistic basis set and scalar-relativistic ECP (≤ 0.8% inner-shell MPE; 

Table D.3, Appendix D). Additionally, there are negligible differences between the  

all-heavy-atom RMSDs evaluated with a relativistic basis set and scalar-relativistic ECP 

for 8 of the 10 complexes (< 0.04 Å), with the remaining two complexes (BORFOE and 

MEHSEY) having larger deviations (> 0.3 Å) due to ligand rotation. Therefore, the scalar-

relativistic ECP was used in the present work to optimize metal–nucleic acid complexes.  

For metals with multiple plausible spin states, the lowest spin state was considered, 

and the unrestricted formulism was used for systems with unpaired electrons. Fractional 

occupation number weighted density (FOD) analysis91-93 was used as a qualitative 

diagnostic tool to explore static electron correlation effects. Within our 41-system test set, 

19 complexes were identified to have high multi-reference character and 22 complexes had 

greater single-reference character (Figures D.5–D.7, Appendix D). Although we noted 

varying multi-reference effects between different metal complexes, there is no direct 

correlation between the magnitude of multi-reference character and functional performance 

across the 41-system test set (Figure D.8; Table D.4, Appendix D). For the 12-system test 

set that contains challenging complexes that could not be reproduced with any DFT 

method, the number of fractional occupation differences (NFOD) values range between 

0.076 and 1.652, which further underscores that there is no correlation between the ability 

to optimize nucleic acid–metal complexes and the degree of multi-reference character 

(Figure D.7, Appendix D). Therefore, we include analysis of all 53 complexes in the present 

work. Full discussion of the FOD analysis is provided in Appendix D (Figures D.5–D.8; 

Table D.4, Appendix D).  
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All complexes were optimized in the environmental extremes of the gas phase and 

implicit water (ε = 78.3553) using the integral equation formalism polarizable continuum 

model (IEF-PCM) as implemented in Gaussian 16 and the conductor-like polarizable 

continuum model (CPCM) in ORCA 5.0.3. All calculations were performed using Gaussian 

16 (Rev. B01)94 and ORCA 5.0.3 (ωB97X-D3(BJ), ωB97X-V, and PBEh-3c),95 with 

default grid and convergence criteria used for both programs. All analysis metrics were 

evaluated using the cpptraj96 tool in Ambertools18,97 with the general equations used to 

calculate each metric provided in the Appendix (Section D.1). Although there are 

limitations in comparing equilibrium geometries at 0 K with finite-temperature X-ray 

structures and techniques exist to include anharmonicity effects for DFT geometries (e.g., 

VPT2 corrections),98 these are not explored in present work due to the larger number of 

functional and complex combinations considered. 

 

5.3. Results and Discussion 

5.3.1. Building a Structural Test Set of Metal–Nucleic Acid Complexes: Zn2+ and 

Mn2+–Nucleic Acid Interactions Dominate the PDB, While Cu+/2+ Interactions are 

Prominent in the CSD  

In total, 2090 X-ray crystal structures were identified in the PDB that contain a 

transition or post-transition metal along with DNA or RNA, or a DNA or RNA–protein 

complex. Overall, the most common transition or post-transition metal found in the PDB 

structures without invoking a limit on the resolution is Zn2+ (62%), followed by Mn2+ 

(25%), Cd2+ (4%), and Co2+/3+ (3%), with the remaining metals found in much lower 
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percentages (≤ 2%), and no structures were identified for Pd2+, Sc+/3+, or Ti2+/3+/4+ (Figure 

D.9, Appendix D). When a 2.5 Å resolution limit was imposed on the PDB structures used 

to build the test set, the number of nucleic acid systems containing metals decreased by 

~2.5 times to yield a total of 824 structures. Among this reduced set (Figure 5.2A), Zn2+ 

(52%) and Mn2+ (33%) are still the most common metals, Co2+/3+ (5%) is the next most 

abundant metal, and the remaining metals are present in a similar distribution trend 

compared to the total set (≤ 2%). 

 

Figure 5.2. A) Metal distribution across all nucleic acid complexes in the PDB with 
resolution < 2.5 Å (824 structures). ‘Other’ represents the combined total of V2+/3+/4+/5+, 
Cr2+/3+/4+, Au+/3+, and Pb2+. B) Metal distribution across all complexes involving 
purine/pyrimidine mimics in the CSD (1506 structures). ‘Other’ represents the combined 
total of V2+/3+/4+/5+ and Cr2+/3+/4+. Distribution of C) metals and D) nucleic acid ligands 
across the 53 complexes in our test set. Mixture represents a combination of purine(s), 
pyrimidine(s), and/or phosphate moieties. 

 



175 
 

Despite the large number of systems in the PDB that contain a nucleic acid and 

metal, not all structures contain a metal–nucleic acid interaction. For instance, Zn2+ 

coordinates to the protein rather than the nucleic acid in the crystal structure of the Cas9 

endonuclease in complex with the guide RNA and target DNA (5B2O, 1.70 Å resolution). 

Similarly, Mn2+ acts as a spectator ion instead of directly coordinating to the nucleic acid 

in the crystal structure of NExo, a DNA 3′-phosphatase (6FKE, 2.15 Å resolution). 

Therefore, visual inspection is necessary to confirm metal coordination, which is supported 

by previous studies that have challenged reported Mg2+ coordination to nucleic acids in 

PDB structures.99,100 To ensure a minimum of one metal–nucleobase or phosphate contact 

is present in the structures included in our test set, the metal coordination spheres in the 

PDB structures were visually inspected and 19 structures were selected. These structures 

include metal-mediated base pairs, hydrated metal–nucleobase or phosphate contacts, or 

simultaneous metal coordination to nucleobase and phosphate components, and cover a 

range of metals [Mn2+ (3PDR-MN5, 3PDR-MN176, 2OEU, 4HIG, 4DWY), Co2+ (5FHJ, 

1FD5), Cu2+ (1D39), Zn2+ (5JVW, 1NLC), Ag+ (5IX7, 6LBW, 5AY2), Cd2+ (6CB3), Hg2+ 

(5WSQ, 4R6M), or Pt2+ (4I1G), Figure 5.1]. An additional Pt2+ complex (1IHH) is included 

in the test set, which provides an interesting example of an oxaliplatin compound that forms 

a DNA intrastrand cross-link. Finally, a G-quadruplex in the presence of Pb2+ (6A85) is 

also incorporated into the test set in which Pb2+ adopts a square antiprismatic coordination 

geometry. 

The PDB structures of metal–nucleic acid systems are often limited by resolution 

and are dominated by Zn2+ and Mn2+–nucleic acid complexes, which emphasizes that more 

X-ray crystal structures of metals interacting with nucleic acids are required. Therefore, 
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structures available in the CSD were also considered to expand the diversity of the metal–

nucleic acid contacts included in our test set. Overall, 1506 structures containing at least 

one metal contact to a nitrogen/oxygen atom in a representative purine or pyrimidine ring 

were identified in the CSD. Unlike the PDB, the most common metals found in these 

complexes are Cu+/2+ (26%), Pd2+ (16%), Pt2+ (12%), Ni2+ (11%), and Cd2+ (11%), while 

Zn2+ and Mn2+ (the most abundant metals in the PDB structures) comprise approximately 

3% and 2% of the metal–purine/pyrimidine structures, respectively (Figure 5.2B). Only a 

handful of complexes (~0.1–5%) were identified for Co2+/3+, Hg2+, Fe2+/3+, Pb2+, Ag+/2+, 

Au+/3+, Cr2+/3+/4+, and V2+/3+/4+/5+, while no structures are available for Sc+/3+ and Ti2+/3+/4+. 

Among the 1506 structures identified in the CSD, there are over 8 times more metal–

pyrimidine complexes (1349) than metal–purine (157) complexes. Additionally, the most 

abundant metals differ between the pyrimidine and purine complexes (Figure D.10, 

Appendix D). Specifically, the most frequently occurring metal coordinated to a pyrimidine 

is Cu+/2+ (27%), followed by Pd2+ (18%), Pt2+ (14%), and Cd2+ (12%), while no structures 

exist for Sc+/3+ and Ti2+/3+/4+ and the remaining metals are present in frequencies below 7%. 

In contrast, the most frequent metal bound to a purine fragment is Ni2+ (52%), followed by 

Cu+/2+ (17%), Co2+/3+ (17%), and Hg2+ (8%), with Cd2+, Pd2+, Zn2+, Pt2+, Ag+/2+, Fe2+/3+, and 

Mn2+ falling below 2%, and the remaining metals (V2+/3+/4+/5+, Cr2+/3+/4+, and Au+/3+) having 

no structures available.  

In total, 34 structures were incorporated into our test set from the CSD. Although 

the occupation of the remaining (non-nucleic acid component) binding sites in the 

coordination sphere by water was preferred to best mimic a biological environment, 

structures with alternative ligands, such as azoles (Fe2+/3+, Ni2+), NH3 (Pt2+), nitrate ions 
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(Pb2+, Hg2+), triflate ions (Pb2+), chloride ions (Au3+), PMe3 (Au+), Schiff base (Cd2+), 

DMSO (Ag+), and pyramidal phosphine (Pd2+), were included in the test set due to the lack 

of other crystal structures for some metals (Figure 5.1). The representative metal–nucleic 

acid complexes from the CSD include a hydrated metal coordinated to a nitrogenous base 

(i.e., Fe2+ (MORHEJ, WAWPUF, HOPJAY), Co2+ (QAFLOZ, AZINAA), Ni2+ (ZITWOO, 

JENGEO, JEXYOD, MELTON), Cu2+ (AMPCUS, AMADCS), Zn2+ (FAJZAT, 

AWUBAW), Cd2+ (BORFOE, FAJYIA, WIPRUL), Pt2+ (DEGJUU), and Hg2+ (GOFYIJ)), 

a hydrated metal simultaneously coordinated to a nitrogenous base and a phosphate 

component (i.e., Cu2+ (MOHJEZ)), an anhydrous metal coordinated to multiple nitrogenous 

bases (i.e., Cr3+ (XOSLUO), Fe2+ (FOJPOM), Au2+/3+ (DOMQAZ, AHOFEK), Pt2+ 

(GIKTIE, SUTTAC), Pd2+ (FODDIN), and Pb2+ (MEHSEY, TPMTPB)), an anhydrous 

metal simultaneously coordinated to nitrogenous base(s) and/or phosphorous components 

(i.e., Au+ (ZOBTAO) and Pd2+ (PUBPOR)), or a dinuclear metal complex (i.e., Cu2+ 

(JUNGIK, FUDQUR) and Ag+ (CODLAL, BUDDUA)). 

Overall, our test set contains models from 53 crystal structures that represent a 

diverse range of metal–nucleic acid complexes (Figure 5.1). 3–5 PDB and/or CSD 

structures are included for each metal (6–10%), with the exception of Pd2+ and Cr+/3+ for 

which less than 3 structures met our imposed criteria (2–4%; Figure 5.2C). In addition to 

sampling a variety of metals, our test set considers different nucleic acid components 

including a pyrimidine (45%), a purine (36%), a phosphate (2%), or a mixture of these 

nucleic acid components (17%; Figure 5.2D). The greater number of structures from the 

CSD (34) compared to the PDB (19) aligns with our goal to test the ability of DFT methods 
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to reproduce accurate experimental data for metal coordination geometries, including 

metal–ligand distances.   

 

5.3.2. The Tested DFT Functionals Cannot Reproduce the Experimental Structure of 

Some Representative Metal–Nucleic Acid Complexes 

All 53 metal–nucleic acid complexes in our test set were optimized with 15 

commonly used functionals and the resulting structures compared to the crystal structure 

references. Our initial analysis of functional performance is based on the gas-phase all-

heavy-atom RMSDs, which describe the global structure (Figure 5.3; Table D.5, Appendix 

D). One system (5WSQ) is excluded from the analysis since the (Hg2+) metal ion 

consistently occupies a different coordination site compared to the reference structure (N3 

rather than N4 of C; Figure D.11, Appendix D), a problem that has been previously reported 

for other Hg2+ complexes.101 Dark bands occur in Figure 5.3 for an additional 11 complexes 

(3PDR-MN5, 3PDR-MN176, MOHJEZ, 1NLC, 5AY2, 6CB3, 1IHH, GOFYIJ, 4R6M, 

TPMTPB, and 6A85) for all functionals, with similar deviations from the reference 

structure occurring for each system–functional combination. The corresponding RMSDs 

are up to 2.9 Å, suggesting the experimental structure for these 11 complexes could not be 

properly described by gas-phase DFT calculations regardless of the functional considered. 

To understand the underlying reason for the inability to predict the experimental structures, 

a series of additional calculations were performed on these 11 systems (Tables D.6–D.10, 

Appendix D). 
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Figure 5.3. All-heavy-atom root-mean-square-deviations (RMSDs, Å) from all-electron 
gas-phase DFT optimizations relative to crystal structure references for the 52-
representative metal–nucleic acid complexes considered in the present work. White 
indicates no deviation (RMSD = 0.000 Å) from the crystallographic reference, while the 
shade of blue deepens with increased deviation (dark blue corresponds to RMSD > 1.5 Å). 
5WSQ is excluded due to a significant change in the metal coordination site across all 
functionals. The crystal structures highlighted in blue are analyzed separately. 

 

First, to capture at least a portion of the electrostatic influence of the surrounding 

environment, the 11 complexes were optimized in implicit water. Although this does not 

accurately reflect the crystalline environment, consideration of the environmental extremes 

of the gas phase and water permits analysis of the maximum structural deviation due to 

electrostatic effects. Overall, implicit water reduces the errors for 4 systems (5AY2, 

MOHJEZ, 4R6M, and 6CB3; Figures 5.4 and D.12–D.14; Tables D.6–D.7, Appendix D). 

Specifically, the gas-phase average RMSD (ARMSD) over these 4 complexes is 

consistently greater than 1 Å for each functional due to reorientation of the ligands (Figures 

5.4, D.12–D.14), which can be accompanied by the loss of the inner sphere coordination 
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(MOHJEZ; Figure D.14, Appendix D). In contrast, there is substantial improvement in the 

predicted structures in implicit water, with ARMSDs over the 4 complexes for each 

functional reduced to ~0.5 Å (Table D.6, Appendix D). For example, the large gas-phase 

all-heavy-atom RMSDs for the Ag+ (> 1.7 Å, 5AY2) and Hg2+ (> 0.9 Å, 4R6M) complexes 

for each functional arise due to twisting about the metal center that results in a loss of ligand 

co-planarity, while all functionals maintain the crystalline ligand co-planarity in water 

(ARMSD < 0.1 Å for 5AY2 and < 0.5 Å for 4R6M; Figures 5.4 and D.12, Appendix D). 

Similar twisting was reported in a previous gas-phase DFT (B3LYP-D3 and M06-L) study 

of mismatched T–Hg–T and U–Hg–U metallo-base pairs.102  

 
Figure 5.4. Overlays of DFT geometries from all-electron gas-phase (orange) and implicit 
water (cyan) calculations relative to the reference crystal structure (green) for Ag+ (5AY2) 
and Pb2+ (6A85) nucleic acid complexes (constraints were used for the Pb2+ complex in 
both environments), highlighting that implicit water and/or constraints improve the 
structural description of metal–nucleic acid complexes. Coordination distances are 
provided in Å. 
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As the next step to potentially improving agreement between DFT and the 

experimental structures, the model truncation points were constrained to the 

crystallographic coordinates and the systems re-optimized in both the gas phase and 

implicit water. Specifically, nucleobase ligands were extended to include C1′, which was 

the constraint point, while C5′ and C3′ of phosphate models were fixed to the experimental 

geometries. This approach improved the overall agreement between the computed and 

experimental structures for an additional 5 systems (3PDR-MN5, 3PDR-MN176, 1NLC, 

6A85, and 1IHH; Table D.8–D.9, Appendix D). Specifically, truncation point constraints 

reduce the gas-phase ARMSD for 3 complexes for each functional (3PDR-MN176, 1NLC, 

and 6A85), which is mostly due to reorientation of the bulky ligands about the metal center 

(Figures 5.4 and D.15–D.16; Table D.8–D9, Appendix D). The most striking example is 

the octahedral Mn2+–RNA complex (3PDR-MN176) (Figure D.15, Appendix D) for which 

the RMSDs over all functionals is reduced from ~1.5–2.0 to ~0.4 Å (Table D.9, Appendix 

D). While the RMSDs for the Pt2+ complex (1IHH) are reduced from ~1.0–2.0 Å to  

~0.4–0.5 Å for two functionals (MN15 and MN15-L), the errors for the remaining 

functionals are large (~1.3–1.4 Å). For the Mn2+ complex (3PDR-MN5), the RMSDs 

remain large (~0.7–1.2 Å) with constraints in the gas phase.  

Although the implementation of constraints does not universally yield reliable 

structural data in the gas phase, the experimental structures of all 5 complexes are more 

accurately reproduced using constraints in a water environment (~0.5 Å ARMSD) than in 

the gas phase (~0.7 Å ARMSD; Figures 5.4 and D.17–D.18; Tables D.8–D.9, Appendix 

D). For example, even though the gas-phase DFT structure of Pb2+ bound in a G-quadruplex 

(6A85) is improved upon the implementation of constraints, the experimentally-observed 
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co-planarity of the purine rings and metal coordination are better maintained by using 

constraints in implicit water (Figures D.17–D.18, Appendix D). Furthermore, the inclusion 

of both constraints and implicit water reduces the ARMSDs for complexes for which gas-

phase optimizations with constraints failed (1IHH and 3PDR-MN5; Figures D.17–D.18, 

Appendix D). Thus, constraints address structural features such as reorientation of bulky 

ligands, while the surrounding (implicit) environment accounts for polarization effects that 

further finetune the predicted geometry. 

All functionals failed to describe the GOFYIJ complex regardless of the 

environment or constraints (RMSD > 0.8 Å; Table D.10, Appendix D). Indeed, although 

constraints at the model truncation points aid the correct relative alignment of the nucleic 

acid ligands, large RMSDs arise for each functional because of a continued shift in the 

positions of the nitrate ligands, mainly due to the ability of either oxygen to coordinate to 

the metal (Figure D.19, Appendix D). This suggests that the models for the GOFYIJ 

complex are unable to capture important environmental effects such as crystal packing.101 

Although unconstrained DFT optimizations of the only other complex in our test set that 

contains nitrate ligands (TPMTPB) are plagued with the same changes in the coordination 

sphere as GOFYIJ in both environments (Figures D.19–D.20; Table D.10, Appendix D), 

the nucleic acid ligand was not truncated in the TPMTPB model and therefore the impact 

of constraints could not be investigated. In addition to complications arising from the nitrate 

ligands, the inability of DFT to reproduce these crystal structure geometries may be due to 

the inherent flexibility of the Hg2+ and Pb2+ coordination spheres, which are known to adopt 

irregular geometries.103–104 
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In summary, the 12 complexes that result in large heavy atom RMSDs upon gas-

phase optimization regardless of functional (Figure 5.3) can be subcategorized according 

to: (1) those with improved structural features upon optimization in water, (2) those with 

improved structural features upon constraining the model truncation points to the 

crystallographic coordinates, and (3) those that cannot be reproduced regardless of the 

environment and constraints. The challenges faced reproducing the ligand orientation 

and/or inner sphere coordination highlight the importance of the surrounding environment 

in stabilizing the structures of these metal–nucleic acid complexes. Since poor functional 

performance for these 11 systems along with 5WSQ is likely due to the models rather than 

the methods, these complexes are removed from further analysis. 

 

5.3.3. Accuracy of All-electron Gas-Phase DFT Predicted Structures of Metal–Nucleic 

Acid Complexes Varies with Metal and Functional 

To further test the ability of DFT to reproduce observed metal–nucleic acid 

coordination geometries, the all-heavy-atom RMSDs for each functional–metal complex 

combination obtained from all-electron gas-phase calculations on the remaining 41 

representative structures were considered for the same 15 functionals as well as 5 additional 

methods (Figure D.21; Table D.11, Appendix D). The RMSDs reveal a larger color change 

horizontally than vertically, indicating a greater dependence of DFT performance on the 

system studied than the selected functional. Furthermore, the prevalence of lighter bands 

for the 41 systems demonstrates the broad reliability of the examined functionals across a 

diverse set of metal–nucleic acid complexes (80% of functional–complex combinations 

demonstrate ARMSDs < 0.500 Å). Nevertheless, darker bands appear for many functional–
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system combinations, highlighting that not all functionals are equally capable of reliably 

describing the geometries of metal–nucleic acid complexes and a potential dependence of 

functional performance on metal identity. As a result, the following sections consider the 

ARMSDs as a function of metal or functional to assess the global quality of the predicted 

structure. In addition, the inner-shell RMSDs are investigated, which account for various 

structural features near the metal binding site (e.g., angles between ligands and coordination 

distances). We also compare the mean percent error calculated over all metal–

ligand coordination distances in all complexes (inner-shell MPE), as well as the maximum 

percent error for a single coordination distance in a given complex (Max PE). Averaging 

over all complexes for a given metal or over all metals for a given functional allows for the 

identification of a robust DFT method that can be applied to a broad range of metal–nucleic 

acid complexes to understand the structural roles metal ions play in biology and various 

applications.  

 

5.3.4. The Accuracy of Computed Structures Varies with the Metal Identity 

To identify variations in functional performance with metal, we consider the all-

heavy-atom ARMSD across all functionals and complexes for each metal (Figure 5.5; 

Table D.12, Appendix D). A clear fluctuation with metal identity is evident in the ability 

of DFT to predict the experimental structure. The largest errors occur for Cu2+ (0.485 Å) 

and Mn2+ (0.484 Å). The significant errors encountered for Cu2+ arise due to frequent 

disruption of the coordination sphere for most functionals, where at least one coordinated 

water is lost (see, for example, Figure D.22A, Appendix D), which has been reported in the 

literature for other Cu2+ complexes.37 Nevertheless, the coordination sphere is consistently 



185 
 

maintained by ωB97X-V, ωB97X-D3(BJ), MN15, MN15-L, and PBEh-3c for all Cu2+–

nucleic acid complexes (Figure D.22B, Appendix D). In contrast, the large errors for Mn2+ 

complexes arise due to ligand reorientation about the metal center (e.g., relative shift in the 

phosphate and nucleobase ligands; see, for example, Figure D.23A, Appendix D). Although 

this ligand reorientation is seen for all functionals, a less pronounced shift occurs for 8 

functionals (i.e., MN15, MN15-L, BLYP-D3(BJ), B97D3, TPSS-D3(BJ), ωB97X, 

ωB97X-D3(BJ), and ωB97X-V). The observed variation in the ARMSD with the metal 

identity correlates with computational literature highlighting that some metals (i.e., Cu2+ 

and Mn2+) are more difficult to describe using DFT.44,50,52,105-107 Following Mn2+, Ag+ 

complexes (0.458 Å) result in the next largest ARMSD. However, the structural deviations 

for Ag+ complexes primarily occur due to a change in the ligand co-planarity of the 

pyrimidine rings in one complex (5IX7; Figure D.24, Appendix D). The smallest ARMSD 

occurs for Cr3+ (0.116 Å) followed by Fe2+ (0.194 Å) and Ni2+ (0.249 Å), while the 

ARMSDs for the remaining metals fall between ~0.28 and 0.41 Å. 
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Figure 5.5. All-heavy-atom average root-mean-square-deviations (ARMSDs, Å) across 20 
functionals and all complexes relative to crystal structure references for each metal from 
all-electron gas-phase optimizations. 

 

Although the all-heavy-atom ARMSD accounts for the structural accuracy of the 

entire metal–nucleic acid complex, the systems considered in our test set contain bulky 

ligands that are often highly flexible and can readily change orientations in the absence of 

the surrounding crystalline environment. Therefore, the ability of the functionals to 

describe the inner coordination sphere was also evaluated using the inner-shell ARMSDs 

across the 41 complexes (Figure D.25; Table D.12, Appendix D). The inner-shell ARMSDs 

underscore that the coordination geometry of certain metals is more difficult to describe 

using DFT. Cu2+ complexes (0.498 Å) stand out as the most challenging due to the loss of 

the inner coordination for most functionals, which is followed by Mn2+ complexes  

(0.336 Å). Among the remaining first-row transition metals, the trends in the description of 

the global structure (Figure 5.5) and inner coordination sphere (Figure D.25, Appendix D) 

as a function of metal are consistent, with the exception of Zn2+. In contrast, the trends in 
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the all-heavy-atom and inner-shell ARMSDs deviate more significantly for the second and 

third-row metals. Nevertheless, the inner coordination sphere is accurately described for all 

second and third-row metals (ARMSD ≤ 0.203 Å), emphasizing that errors in the predicted 

global structures arise from reorientation of bulky ligands rather than the inability of the 

functional to describe metal coordination. Overall, this analysis highlights that the 

functional performance can vary with metal identity, but the inner coordination sphere is 

generally well described for the vast majority of metals over all DFT functionals, with the 

notable exception of Cu2+–containing complexes. 

 

5.3.5. The Most Reliable Functional for Metal–Nucleic Acid Complexes Can Vary 

with the Metal 

As the all-heavy-atom RMSDs for each complex vary with the DFT method (Figure 

5.3) and ARMSDs vary with metal identity (Figure 5.5), it is important to understand the 

relative accuracy of individual functionals for each metal. This section considers the all-

heavy atom and inner-shell ARMSDs for each metal–functional combination (Figures 5.6 

and D.26; Tables D.13–D.14, Appendix D). The largest range in the ARMSDs for each 

functional occurs for Cu2+ complexes, with PBE being the worst performer (ARMSD  

all-heavy-atom = 0.684 Å; inner-shell = 0.778 Å). Nevertheless, MN15 and MN15-L 

reproduce the crystallographic geometries the most accurately and are recommended for 

studying Cu2+–nucleic acid complexes (ARMSD all-heavy-atom = 0.265–0.276 Å;  

inner-shell = 0.223–0.281 Å), closely followed by ωB97X-V, ωB97X-D3(BJ), and  

PBEh-3c (ARMSD all-heavy-atom = 0.313–0.390 Å; inner-shell = 0.260–0.302 Å). 

Among the remaining first-row transition metals, ARMSDs for the Co2+ complexes 
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fluctuate the most significantly (ARMSD all-heavy-atom = 0.243–0.473 Å; inner-shell = 

0.186–0.414 Å). PBEh-3c most reliably reproduces the structures of Co2+–nucleic acid 

complexes (ARMSD all-heavy-atom = 0.243 Å; inner-shell = 0.191 Å), closely followed 

by MN15, ωB97X, ωB97X-D3(BJ), ωB97X-V, and B3LYP-D3(BJ). Although the inner-

shell ARMSD are ≤ 0.206 Å for the Zn2+ complexes, the all-heavy-atom ARMSDs suggest 

that B97D3 should be avoided for Zn2+ (0.654 Å), while the remaining functionals perform 

similarly (~0.3–0.4 Å). For Mn2+ complexes, the inner-shell ARMSDs fall within a small 

range (0.320–0.355 Å), while PBE (0.566 Å), BLYP (0.542 Å), and PBEh-3c (0.541 Å) 

demonstrate the largest all-heavy-atom ARMSDs, and the remaining functionals yield 

comparable overall structures (ARMSD all-heavy atom = 0.420–0.535 Å). All functionals 

provide a similar description of complexes involving one of the remaining three first-row 

transition metals (Fe2+, Ni2+, and Cr3+), with all-heavy-atom and inner-shell ARMSDs for 

each functional deviating by < 0.041 Å for a given metal (except MN15-L for Ni2+). 

Figure 5.6. Inner-shell average root-mean-square-deviations (ARMSDs, Å) across all 
complexes relative to crystal structure references for each metal and functional from all-
electron gas-phase optimizations. 
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For the second-row metals, the greatest fluctuation in the geometries across 

functionals occurs for the Pd2+ complexes, although the trend in the all-heavy-atom and 

inner-shell ARMSDs as a function of the DFT method is not consistent (Figures 5.6 and 

D.26; Tables D.13–D.14, Appendix D). When both metrics are considered, the functionals 

that best reproduce the crystallographic geometries of Pd2+ complexes include ωB97X-V, 

ωB97X-D, MN15, PW6B95, PBEh-3c, and ωB97X (ARMSD all-heavy-atom =  

0.171–0.200 Å; inner-shell = 0.066–0.104 Å). The remaining second-row transition metals 

(Cd2+ and Ag+) each demonstrate similar all-heavy-atom and inner-shell ARMSDs 

regardless of functional (within ~0.1 Å for each metal), which indicates that all functionals 

offer similar descriptions of complexes involving each of these metals. While systems 

involving third-row metals Au2+/3+ or Pb2+ consistently result in small inner-shell ARMSDs 

regardless of functional (~0.03–0.08 Å), a greater variation in the inner-shell ARMSD 

occurs for Pt2+ (0.075–0.230 Å). Additionally, the trend in all-heavy-atom ARMSDs with 

respect to functional is different for each metal. The greatest variation in the all-heavy-atom 

ARMSDs for the third-row metals occurs for the Pb2+ complexes (0.291–0.773 Å). While 

ωB97X-D3(BJ) exhibits a large all-heavy-atom ARMSD (0.773 Å) for Pb2+ complexes, the 

inner-shell metal coordination sphere was maintained (inner-shell ARMSD 0.032 Å). The 

most reliable method for Pb2+ complexes is TPSS (0.291 Å). For the Au2+/3+ complexes, all 

functionals yield small all-heavy-atom ARMSDs (≤ 0.386 Å). Finally, MN15-L 

demonstrates the smallest all-heavy-atom ARMSD for the Pt2+ complexes (0.297 Å), with 

the all-heavy-atom ARMSD for the remaining functionals ranging between 0.358 and  

0.515 Å. Overall, although the precise functional for accurate structural description of 

metal–nucleic acid complexes can vary based on metal identity, a trend in the greater 



190 
 

accuracy of some functionals is starting to emerge, which is more closely explored in the 

next section. 

 

5.3.6. Multiple DFT Methods are Recommended for Accurate Structural Depiction of 

Diverse Metal–Nucleic Acid Complexes 

 To assess functional reliability across nucleic acid complexes containing a broad 

range of metals and thereby identify a robust method for structure determination, the  

all-heavy-atom ARMSDs and Max RMSDs for each functional relative to crystallographic 

data are compared (Figures 5.7A and B; Table D.15, Appendix D). The all-heavy-atom 

ARMSDs are similar across all functionals (0.310–0.415 Å). However, the all-heavy-atom 

Max RMSDs vary more substantially, ranging from 0.712 to 1.149 Å and reflecting 

significant deviations from the experimental structure for some functional–system 

combinations. In fact, only PBEh-3c (2OEU), ωB97X-V (SUTTAC), MN15 (SUTTAC), 

ωB97X-D3(BJ) (MEHSEY), and MN15-L (4DWY) have a Max RMSD below 0.8 Å, 

which arises because of a small change in the ligand orientation about the metal center (e.g., 

slight rotation of a purine/pyrimidine ring; see, for example, Figure D.27, Appendix D). 

Nevertheless, ligand reorientation about the metal center can result in large errors for other 

functionals. For example, the Max RMSD for TPSS arises for the Pt2+ complex (SUTTAC) 

due to significant purine rotation (1.139 Å; Figure D.28, Appendix D). Similarly, the purine 

ligands in the Zn2+ complex (FAJZAT) undergo a large rotation when optimized with 

B97D3 (Figure D.29, Appendix D), resulting in the Max RMSD of 1.092 Å. Aside from 

ligand reorientation, functionals such as B3LYP demonstrate a large Max RMSD  

(1.038 Å) due to expulsion of ligands from the coordination sphere, mainly for Cu2+ 
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complexes as discussed previously. These outcomes highlight the greater reliability of 

ωB97X-V, ωB97X-D3(BJ), MN15, MN15-L, and PBEh-3c compared to other functionals 

for the structural description of diverse metal–nucleic acid complexes.  

 

Figure 5.7. All-heavy-atom A) average root-mean-square-deviations (ARMSDs, Å) and 
B) max RMSDs (Å), and inner-shell C) mean percent errors (MPE, %) and D) max PEs 
(%) across all complexes relative to crystal structure references for each functional from 
all-electron gas-phase optimizations.   

 

The relative performance of the 20 DFT functionals is further assessed by 

comparing the inner-shell MPEs and Max PEs across the 41 systems (Tables D.15–D.17, 
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Appendix D). In general, the inner-shell MPEs (4.7–7.5%) are similar for all functionals 

(Figure 5.7C). While this suggests comparable average functional performance, the Max 

PE in a single coordination distance ranges from ~45 to 120% (Figure 5.7D). Similar to the 

conclusions from the all-heavy-atom Max ARMSD, all functionals except for ωB97X-V, 

ωB97X-D3(BJ), MN15, MN15-L, and PBEh-3c yield Max PEs greater than 70%, while 

these functionals exhibit Max PEs of ~45–51%. These large Max PEs correspond to the 

inability of functionals to reproduce the inner coordination sphere of Cu2+ complexes. 

Indeed, upon removal of Cu2+ complexes, the Max PEs are reduced to ~34–46% for all 

functionals (Figure D.30A; Table D.18, Appendix D). This correlates with previous 

literature suggesting that water is expelled from octahedral Cu2+ coordinated to N7 of G 

and 5 water molecules when optimized with B3LYP in the absence of constraints.37 In a 

separate study, octahedral [Cu(H2O)6]2+ complexes similarly expel water from the inner 

coordination sphere when optimized with PBE, but not other functionals (TPSSh, 

RevTPSS, B3LYP, and BHLYP).108 These select examples emphasize that one must 

cautiously choose the functional when exploring hydrated Cu2+ complexes, likely due to 

increased repulsion in octahedral Cu2+ complexes (Figure D.30B; Table D.18, Appendix 

D).109 Nevertheless, the Max PEs across only Cu2+ complexes are considerably lower for 

ωB97X-D3(BJ) (28.3%), MN15 (27.2%), and MN15-L (35.0%) than the remaining 

functionals, with no loss of ligand coordination at the metal center. The Max PE for 

ωB97X-D3(BJ) (45.7%), MN15 (46.2%), and MN15-L (45.2%) arise for the Pt2+–guanine 

complex (4I1G) due to a change from monodentate (N7) to bidentate (O6 and N7) 

coordination in the gas phase (Figure D.31, Appendix D), which occurs for all functionals 

except ωB97X and ωB97X-D (Max PE equals 11.7% for 4I1G for both functionals), and 

ωB97X-V (12.2%). Although the Max PEs for ωB97X-V (46.5%) and PBEh-3c (51.0%) 
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occur for the Cu2+ complex (JUNGIK), the resulting change is due to a reorientation of the 

water ligands about the dinuclear metal centers, with no loss of coordination to either metal 

center (Figure D.32, Appendix D). 

Overall, ωB97X-V, ωB97X-D3(BJ), and MN15 emerge as the top three methods 

for the optimization of metal–nucleic acid complexes across multiple rows of the periodic 

table. Indeed, ωB97X-V, ωB97X-D3(BJ), and MN15 are recommended based on the 

smallest all-heavy-atom ARMSDs (0.310–0.329 Å), Max RMSDs (0.754–0.777 Å),  

inner-shell MPEs (4.7–5.2%), and Max PEs (45.7–46.5%). It is important to highlight that 

these top performing methods all include dispersion effects through either parameterization 

or additional corrections (D3 or VV10). Indeed, previous work has highlighted that 

dispersion effects can be significant in transition metal complexes.110 In addition to reliably 

describing metal–nucleic acid geometries, MN15 has been identified as a top performing 

functional for 3d transition metal bond dissociation energies involving a range of ligands 

(i.e., H, F, Cl, Br, O, and S).111 The PBEh-3c composite method, which is commonly used 

for QM/MM calculations on biomolecules,112,113 also accurately describes the structural 

features of metal–nucleic acid geometries, with only a slightly larger all-heavy-atom 

ARMSD (0.333 Å), inner-shell MPEs (5.5%), and Max PEs (51.0%) compared to the top 

three functionals. MN15-L also performs well as a cheaper variation of MN15, with a 

slightly larger all-heavy-atom ARMSD (0.338 Å) and inner-shell MPE (6.1%) compared 

to the best three methods. Although ωB97X and ωB97X-D demonstrate low inner-shell 

MPEs (~5%), these functionals can lead to large Max PEs (109.9% and 92.8%) and Max 

RMSDs (1.000 Å and 0.938 Å) for Cu2+ complexes and therefore must be used with 
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caution. Nevertheless, both ωB97X and ωB97X-D are deemed reliable for reproducing the 

geometries of metal–nucleic acid complexes that do not contain Cu2+.  

 

5.3.7. Inclusion of Implicit Water Minimally Refines Metal–Nucleic Acid Geometries 

Given that implicit hydration reduces deviations from experimental structures for 

systems where gas-phase calculations were unsuccessful regardless of functional 

(discussed above), the effects of implicit water on the DFT predicted geometries are 

explored for the other 41 complexes in our test set (Figures 5.8 and D.33; Tables D.15 and 

D.19–D.20, Appendix D). The all-heavy-atom ARMSDs calculated across all complexes 

for each functional are comparable in the gas phase and implicit water (0.273–0.400 Å; 

Figure D.33A, Appendix D). The Max RMSDs from gas-phase and implicit water 

optimizations are also highly similar for most functionals (~0.6–1.3 Å; Figure D.33B, 

Appendix D). Interestingly, either the gas phase or implicit water environment can more 

accurately reproduce the global experimental structure, including the relative orientation of 

the bulky ligands, depending on the functional–system combination considered. The  

inner-shell MPEs over all complexes suggest that the experimental coordination geometry 

is equally reproduced in both environmental extremes (Figure D.33C, Appendix D). 

Indeed, there is generally only a slight change in the coordination geometry upon inclusion 

of implicit water (< 11%; Figure 5.8), with the deviations being higher (up to ~28%) for 

only 5 complexes (1D39, AMPCUS, JUNGIK, BORFOE, and 4I1G). Nevertheless, the 

change in the inner-coordination sphere predicted in implicit solvent in reference to the 

crystallographic data is minimal, with most functionals demonstrating an on average  

~0.5–1.5% improvement upon comparison to the corresponding gas-phase inner-shell MPE 
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(Figure D.33C, Appendix D). The Max PE for a given distance in the inner coordination 

sphere decreases in water compared to the gas phase for most functionals (Figure D.33D, 

Appendix D), with 7 methods (B3LYP, B3LYP-D3(BJ), B97D3, TPSS-D3(BJ), TPSSh, 

ωB97X, and ωB97X-D) exhibiting ~37–70% reductions. As discussed for the global 

structure, the inclusion of implicit solvent can improve or deteriorate the structural 

description of the inner coordination sphere. For example, there is a reduction in errors for 

many Cu2+ complexes, but an overall increase in errors of the Cd2+ complexes in implicit 

water (Figure 5.8). Most importantly, despite the ability of implicit water to improve the 

description of select metal–nucleic acid complexes by providing charge stabilization, the 

magnitude of the structural improvement and therefore the benefits of optimizing in 

implicit water are generally minimal, with the trends in functional performance prevailing 

regardless of the surrounding environment (Figures 5.9A and D.33, Appendix D). 

 

Figure 5.8. Differences in the inner-shell mean percent errors (MPE, %) from all-electron 
gas-phase and implicit water optimizations relative to crystal structure references. Values 
represent implicit water minus gas-phase data, with white indicating no change between 
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the gas-phase and implicit water results, blue being a reduction in errors, red representing 
an increase in errors upon inclusion of water, and deeper shades of color representing 
greater deviations. 

 

Figure 5.9. All-heavy-atom average root-mean-square-deviations (ARMSDs, Å) from gas-
phase and implicit water A) all-electron and B) ECP optimizations relative to crystal 
structure references. 

 

5.3.8. An ECP Negligibly Affects Metal–Nucleic Acid Geometries Regardless of 

Environment 

While all data discussed to this point have been generated using all-electron 

calculations, it is important to consider whether the use of an ECP for the metal center 



197 
 

impacts the accuracy of the predicted geometry of metal–nucleic acid complexes, 

especially when such interactions occur in much larger biosystems that would otherwise 

require significant computational time. The impact of an ECP on metal–nucleic acid 

geometries is assessed for the first-row transition metals, which includes 24 complexes 

(Figures 5.1 and D.1, Appendix D). The gas-phase all-heavy-atom ARMSDs evaluated 

across all complexes for each functional are similar for all-electron and ECP calculations 

(within 0.064 Å; Figure D.34A; Table D.20–D.21, Appendix D). However, the effect of an 

ECP on the Max RMSD is varied. Specifically, the Max RMSD evaluated using an ECP 

increases by ~0.2–0.3 Å compared to all-electron results for two functionals (MN15 and 

TPSS-D3(BJ)) and decreases by ~0.2–0.4 Å for six functionals (BLYP, BP86, PBE, 

PW6B95, ωB97X and ωB97X-D), while the Max RMSD for all-electron and ECP 

calculations are similar for all remaining functionals (within 0.09 Å; Figure D.34B, 

Appendix D). Upon consideration of the inner coordination distances, the inner-shell MPE 

for each functional–system combination calculated with and without an ECP are nearly 

identical across our test set (Figures 5.10 and D.34C; Tables D.21–D.22, Appendix D). In 

fact, larger deviations (up to 74% PE) occur for certain functional–system combinations, 

which are due to the notoriously difficult to describe Cu2+ complexes. As discussed for the 

Max RMSD, implementation of an ECP can significantly decrease (ωB97X, ωB97X-D, 

PW6B95, and TPSSh) or increase (B97D3 and TPSS) the Max PE corresponding to the all-

electron calculations for a given functional. However, the majority of DFT methods yield 

similar Max PEs with or without the use of an ECP (within ~10%; Figure D.34D, Appendix 

D). Most importantly, the same trends in all of these important metrics hold true when  

all-electron and ECP calculations are done in implicit water (Figure D.35; Tables D.21 and 

D.23, Appendix D). Furthermore, comparison of ECP calculations in the gas phase and 



198 
 

implicit water reaffirm our previous conclusion that the water environment does not 

significantly impact the predicted structure of metal–nucleic acid complexes (Figure 5.9B). 

Overall, while structural deviations can arise upon incorporation of an ECP for a few 

functional–complex combinations regardless of the environment, there are minimal 

differences compared to the all-electron data and the trends in functional performance are 

maintained (Figure 5.9).  

 

5.4. Conclusions 

In summary, the ability of 20 DFT functionals to reproduce experimental 

geometries of representative transition and post-transition metal–nucleic acid complexes 

was investigated using a diverse test set generated from the PDB and CSD. Although the 

structures of 12 out of the 53 complexes in our test set could not be reproduced using gas-

phase optimizations regardless of functional, 8 of these complexes were accurately 

described using implicit solvent, constrained models, or a combination of both techniques, 

which underscores the importance of the surrounding environment in stabilizing these 

structures. The accuracy of DFT gas-phase optimizations across the remaining 41 

complexes is metal dependent, with the greatest deviations from experiment occurring for 

Cu2+-containing complexes. Although DFT optimizations in implicit water can improve the 

description of the inner coordination sphere for select systems among the 41 complexes in 

the test set, implicit solvent generally results in a minimal refinement of metal–nucleic acid 

geometries. Similarly, including an ECP has a negligible impact on the structural 

description of metal–nucleic acid complexes regardless of the environment. The top three 

performing functionals across the 41 complexes are ωB97X-V, ωB97X-D3(BJ), and 
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MN15. We emphasize that these top performing methods all account for dispersion effects, 

which highlights the importance of accounting for dispersion when using DFT to optimize 

metal complexes. MN15-L and PBEh-3c are also deemed to be reliable for diverse metal–

nucleic acid coordination geometries, while ωB97X and ωB97X-D are suitable for metal–

nucleic acid complexes that do not involve Cu2+. Overall, this work serves as the first 

systematic study to explore DFT performance for the geometries of transition and post-

transition metal–nucleic acid complexes. The reliable methods identified herein can be used 

to develop improved parameters for MD simulations, to perform QM/MM calculations on 

large metal–nucleic acid systems, and to investigate and design metal–nucleic acid-based 

pharmaceuticals, nanomaterials, and biosensors. 
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Chapter 6: A DFT Investigation into the Structure and Strength of Hydrated Li+–

Nucleic Acid Interactions 

6.1. Introduction 

Li+ has emerged as an advantageous metal for the development of important 

materials including rechargeable batteries and therapeutics to treat diseases.1-4 Indeed, 

lithium-ion batteries demonstrate the highest energy and power density, and longest cycle 

life to date, and remain the preferred battery technology despite research efforts into 

alternatives.5 As low concentrations of Li+ are beneficial to the central nervous system, 

particularly exhibiting antimanic properties,6 lithium therapies have been developed to treat 

bipolar disorders.1,2,7 In addition to mood stabilizing effects, Li+ exhibits anticancer 

properties, inhibiting tumor growth2,3 and regulating tumor proliferation, tumor invasion, 

and metastasis.3 Li+ also demonstrates antiviral capabilities against, for example, hepatitis 

C and adenoviruses.8  

Despite the importance of Li+ for materials and medicine, lithium refinery residues 

produced from mining, battery and ceramic disposal, and fly ash generated by coal power 

plants contaminate our environment, food sources, and drinking water.9,10 In fact, the 

mining and production of lithium has grown exponentially due to the development of 

lithium–ion batteries for electric vehicles as part of the global clean energy transition from 

fossil fuels and coal.11 As a result, Li+ environmental contamination is on the rise,10,12 which 

has harmful effects on biological systems. Accumulation of Li+ in the body can result in 

kidney disease, cerebellar dysfunction, and arrhythmia.2,10 Li+ can also negatively affect 

aquatic and plant life, having been shown to disrupt ionic homeostasis in fish and alter plant 



212 
 

metabolism.10 Since an excess of Li+ in the human body and environment can have harmful 

effects, it is important to develop effective technologies for Li+ detection and extraction. 

Nucleic acid metal sensors have proven to be a successful strategy for detecting 

metal contaminants, with sensors having been developed to target metals such as Pb2+, Zn2+, 

Na+, K+, and Cs+.13,14 However, to the best of our knowledge, no nucleic acid sensor has 

been designed to date to target Li+. Aside from metal detection, a nucleic acid platform 

designed to capture Li+ can be utilized in the energy sector to extract lithium from oil  

sands,15 which is of central importance for expanding alternative energy initiatives. To 

design nucleic acid platforms specific for Li+, fundamental structural and binding 

information is required for Li+–nucleic acid interactions. Aside from Li+ detection and 

remediation, investigating Li+–nucleic acid interactions can also provide key insights into 

Li+ behavior in biological systems and contribute to the development of new 

pharmaceuticals. 

Several experimental and computational investigations have been done to uncover 

the physicochemical properties of Li+–nucleic acid complexes.16-32 Specifically, the kinetic 

method approach based on gas-phase mass spectrometry and threshold collision induced 

dissociation (TCID) experiments has been used to determine the gas-phase dissociation 

energies of Li+ bound to each of the five nucleobases (A, G, C, T, and U; Figure 6.1A)17 as 

well as trimethyl (TMP)28 and triethyl (TEP)27 phosphate as models of Li+–phosphate 

interactions. While these experiments have provided key information regarding the binding 

affinity of Li+ to the individual nucleic acid components, no structural information was 

gained. In direct complement, CCSD(T)/CBS, MP2, and DFT calculations have been 

carried out on complexes of Li+ bound to A, C, G, T, U, or a model phosphate moiety 
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(dimethyl phosphate).18,24,25,29-31 These studies have characterized the structure and stability 

of complexes between Li+ and each binding site in each nucleic acid component (N3 and 

N7 of the purines, and N4 of C, O2 and O4 of the pyrimidines, and the bridging and non-

bridging oxygens of the phosphate moiety, as well as N1 and N6 of A, O6 of G). Both 

experimental and computational techniques suggest the metal binding affinity decreases as 

P >> G > C >> A ~ T = U.17,28,29  

While valuable intrinsic chemical information was gained from these gas-phase 

experimental and computational studies, solvent can significantly affect metal  

complexes.33,34 Furthermore, biological processes occur in, and materials and biosensors 

are used in, aqueous environments, with previous work highlighting the importance of 

modelling solvation when studying biomolecules.35 Therefore, there have been an 

abundance of experimental36-39 and computational38,40,41 studies on the structure and 

stability of Li+–water complexes, which confirm the preferred Li+–water coordination 

numbers (i.e., 4 and 6) and distances. However, limited work has explored hydrated Li+–

nucleic acid interactions. Previous gas-phase studies have compared experimental and 

B3LYP calculated infrared multiple photon dissociation (IRMPD) spectra for explicitly 

hydrated Li+ complexed with A, T, U or dimethyl phosphate.22,42,43 A separate study 

calculated the IR, absorption spectra, and relative electronic energies of Li+-mediated 

Watson-Crick-Franklin (WCF) base pairs (G–Li+–C and A–Li+–T) in the gas phase and 

implicit water with models including up to 3 metal-coordinated waters.44 While molecular 

dynamics (MD) simulations have been used to investigate Li+ interactions with nucleic 

acids,45-51 these studies focused on either the impact of Li+ binding on the nucleic acid 

structure or the distribution of Li+ binding locations (e.g., major versus minor groove, 
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nucleobases versus phosphate backbone). Thus, the impact of water on the structure and 

binding affinity of Li+–nucleic acid complexes has not been fully explored.  

To address gaps in our understanding of the impact of water on Li+–nucleic acid 

interactions, the present work systematically investigates how changes in the surrounding 

environment affect Li+ binding to nucleic acids using density functional theory (DFT). 

Initially, the effects of different non-polar and polar environments on the binding of Li+ to 

G or the phosphate moiety (P) are explored using a dielectric medium ranging from gas 

phase to water. Subsequently, the impact of explicit metal hydration in Li+–G or P 

complexes is considered using 1 to 5 water molecules and the implicit environmental 

extremes (i.e., gas phase and water). Based on these results, the preferred coordination 

numbers of Li+ (i.e., 4 and 6) are then used to investigate how hydrated Li+ binds to each 

canonical nucleobase (A, G, C, T, and U) and WCF base pairs (Figure 6.1B). Overall, our 

results provide a more complete understanding of how the structure and binding strengths 

of Li+–nucleic acid complexes change in the presence of water. This information can be 

used to aid the understanding of the behavior of Li+ in biosystems, and to develop 

technologies such as nucleic acid sensing and extraction platforms, and therapeutics. 

 

6.2. Computational Methodology 

All structures were optimized and frequency calculations performed using 

MN15/aug-cc-pVDZ, while single-point calculations were performed with  

MN15/aug-cc-pVTZ. This combination was previously identified to reliably describe Li+–

nucleic acid complexes as compared against CCSD(T)/CBS//MP2/aug-cc-pVTZ data.25,29  
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Initial models of Li+ coordinated to each binding site in G (N2 and N3 or O6 and 

N7; Figure 6.1) and the phosphate moiety (P; 1 bridging 1 non-bridging (1B1NB), 2 

bridging (2B), or 2 non-bridging (2NB) oxygens; Figure 6.1) were adapted from our 

previous work.29 As done in previous studies on Li+–P interactions,25,28,29,52 dimethyl 

phosphate was used to represent the phosphate moiety, which introduces methyl caps at the 

sites where the connecting sugars are positioned in nucleic acids. All calculations were 

carried out in different environments (gas-phase (ε = 1.000), benzene (ε = 2.2706), diethyl 

ether (ε = 4.2400), 1-bromopropane (ε = 8.0496),53 acetone (ε = 20.493), 1,2-ethanediol  

(ε = 40.245), and water (ε = 78.3553)) using the integral equation formulism–polarizable 

continuum model (IEF-PCM). To further understand how the surrounding environment 

affects Li+–nucleic acid interactions, the impact of explicit water was investigated. 

Specifically, models of explicitly hydrated Li+ complexes ([Li(H2O)n]+), with n = 1–6 were 

built. The Li+ coordination geometries considered were linear (1–2 ligands), trigonal planar 

(3 ligands), tetrahedral (4 ligands), trigonal bipyramidal (5 ligands), and octahedral (6 

ligands). 54 Using the optimized [Li(H2O)n]+ complexes, a water molecule was substituted 

with G (Figure 6.1) or P, bound via the preferred binding site of the nucleic acid component 

(i.e., O6–N7 of G and 2NB of P). A hydrogen cap was placed at N1 of pyrimidines and N9 

of purines to replace the connecting sugars located in nucleic acids in the G models 

discussed above. 

Based on the results for G and P, models were built by placing hydrated Li+ at each 

potential binding site of all other nucleobases (A, C, T, or U), while considering the 

preferred coordination numbers of Li+ (i.e., 4 and 6). Since binding sites in the sugar edge 

of the nucleobases are considered, a methyl cap was used at N9 of the purines and N1 of 
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the pyrimidines to ensure that N9–H or N1–H does not form hydrogen bonds with the Li+-

coordinated waters, which could artificially increase Li+ binding to nucleic acids. Two 

solvents were considered (i.e., 1-bromopropane and water), with 1-bromopropane  

(ε = 8.0496) selected to approximate the electrostatic environment of DNA .53 Previous 

experimental work measured the effective dielectric constant of DNA (ε~8) and validated 

it using MD simulations, yielding more accurate DNA interaction free energies.53 For this 

reason, a dielectric constant of ~8 is recommended for computer modeling of systems 

containing DNA.53 Base-pair models were built using the optimized hydrated Li+–

nucleobase complexes wherein WCF hydrogen-bonding sites are not occupied by hydrated 

Li+. Optimization, frequency, and single-point calculations were carried out in 1-

bromopropane and water. 

The binding energy (BE) of bare Li+ interacting to each binding site of G or the 

phosphate moiety was calculated as: 

𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝑁𝑁𝑁𝑁 = 𝐸𝐸𝐿𝐿𝐿𝐿+–𝑁𝑁𝑁𝑁 − 𝐸𝐸𝑁𝑁𝑁𝑁 − 𝐸𝐸𝐿𝐿𝑖𝑖+   (6.1) 

where 𝐸𝐸𝐿𝐿𝐿𝐿+–𝑁𝑁𝑁𝑁 is the energy of the Li+–nucleic acid complex, 𝐸𝐸𝑁𝑁𝑁𝑁 is the energy of the G or 

phosphate component, and 𝐸𝐸𝐿𝐿𝑖𝑖+   is the energy of Li+. For the explicitly hydrated Li+–

nucleic acid models, the BE was calculated between hydrated Li+ and the nucleic acid 

component as either an isolated nucleobase or a base pair. Monomer deformation energy 

was not included in the BEs. There was a notable structural distortion in the G and P 

monomer when bare Li+ interacts with G(N2–N3) and P(1B1NB), with the associated 

monomer deformation energy in the gas phase being 12.8 kcal/mol and 4.1 kcal/mol, 

respectively. Additionally, the impact of Li+ binding on the WCF base pair energy was 
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evaluated by comparing the BE for the canonical base pairs (G:C, A:T, or A:U) to that 

between a nucleobase and the pairing nucleobase–Li+ complex (𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+𝐵𝐵–𝑃𝑃).  

All calculations were carried out using Gaussian 16 (rev B.01).55 

 

Figure 6.1. (A) Structure and chemical numbering of nucleic acid components considered 
in this study with R representing the ribose in DNA/RNA, (B = bridging and NB = non-
bridging oxygen in the dimethyl phosphate model). (B) The Watson-Crick-Franklin (G:C 
and A:T) base pairs. 

 

6.3. Results and Discussion 

6.3.1. Although Implicit Solvent Can Induce Significant Structural Changes to Li+–G 

and Li+–P Complexes, the General Trends in Binding Strengths as a Function of 

Binding Site are Consistent in all Environments 

 To gain initial insight into how different environments affect Li+ interactions with 

nucleic acids, the nucleic acid components that result in the strongest Li+ binding are 

considered (namely G and P). With a systematic increase in the dielectric constant from the 
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gas phase to water, coordination distances between Li+ and each G or P site progressively 

increase (Figure E.1, Appendix E). For example, the largest change in a G complex occurs 

for the Li+–G(N3) coordination distance, which lengthens by 0.248 Å in water compared 

to the gas phase, while the largest change for P occurs for the Li+–bridging oxygen distance 

in the Li+–P(2B) complex, which increases by 0.285 Å. However, large global structural 

changes occur in the complexes as the dielectric constant of the implicit environment 

increases. Specifically, although the Li+ coordination geometry at the most favorable  

G(O6–N7) and P(2NB and 2B) sites are maintained regardless of the surrounding medium 

(Figure E.1, Appendix E), Li+ coordination to the weaker G(N2–N3) and P(1B1NB) 

binding sites changes from bidentate to monodentate in diethyl ether, favoring N3 of G or 

1NB of P (Figure E.1, Appendix E). To provide adequate metal stabilization, bidentate 

coordination when the dielectric constant is ≤ 4.24 is coupled with monomer distortion (i.e., 

rotation of the G amino group (∠N2C2N3) by ~45° or an increase in the ∠(OPO) in 

P(1B1NB) by ~10° for ε ≤ 4.24). In contrast, the larger dielectric constants can sufficiently 

stabilize the metal cation, permitting monodentate coordination and optimal monomer 

geometries. 

 Changes in the structure of the Li+–G and Li+–P complexes are coupled with 

weakening of Li+ binding to G and P (Figure 6.2 and Table E.1, Appendix E). Indeed, there 

is a sharp decrease in the Li+–G BEs from the gas phase to 1-bromopropane and a continued 

decrease to water, resulting in a 12–19 times reduction in water compared to the gas phase. 

The lack of external stabilization of the metal at low dielectric constants coupled with 

monomer deformation for the G(N2–N3) complex results in large differences in the BE for 

the two G sites (26.4 kcal/mol in the gas phase), while environments with larger dielectric 
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constants results in much smaller differences (3.9 kcal/mol in water). Nevertheless, O6–N7 

is the preferred G binding site in all environments. Regardless of binding site, the Li+–P 

BEs are reduced by ~14–22 times in water, and the gaps between the BE for different 

complexes decreasing with increasing dielectric medium, with the Li+–P(2NB) and Li+–

P(1B1NB) complexes becoming nearly equal stability (within 1.6 kcal/mol) in  

1-bromopropane (ε = 8.0496). As a result, when the strongest G and P binding sites are 

considered, Li+ binds to P twice as strong as G in the gas phase and water. Nevertheless, 

the gas phase trend17,28,29 in the Li+ binding affinities for G and P sites remains in water, 

namely P(2NB) > P(1B1NB) > P(2B) >> G(O6–N7) > G(N2–N3). Thus, despite implicit 

environments influencing the structure and binding strengths for a given Li+–nucleic acid 

complex, the general trends in the preference for G and P binding sites remains in all 

implicit environments. 
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Figure 6.2. BEs (kcal/mol) for Li+ binding to (A) G or (B) P in different dielectric 
mediums. 

 

6.3.2. Explicitly Hydrated Lithium Forms Direct and Hydrogen-Bond-Mediated 

Contacts with Nucleic Acid Components, Impacting Both the Structures and Binding 

Strengths of Li+–Nucleic Acid Complexes 

 Since implicit solvent influences both the structure and strength of Li+ interactions 

with G and P, the impact of explicitly coordinated solvent molecules must be considered. 

Therefore, 0 to 5 explicit water molecules (n) were added around the metal in the gas-phase 

Li+–G(O6–N7) and Li+–P(2NB) complexes, which exhibited the strongest metal binding 

affinity for each nucleic acid component (Figures 6.3–6.4 and E.2–E.3, Appendix E). As 

observed for implicit solvent, increasing the number of water molecules directly 
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coordinated to Li+ increases the metal–nucleic acid coordination distances. Furthermore, 

changes in the metal–nucleic acid coordination geometry occur upon increasing the number 

of explicit water molecules. Specifically, for n = 1 or 2, bidentate coordination between Li+ 

and O6–N7 of G observed in the gas phase is maintained; however, for n = 3 – 5, 

monodentate Li+ coordination occurs to either O6 or N7 of G, with hydrogen bonds formed 

between select metal coordinated waters and the unoccupied G site (i.e., O6 or N7). 

Monodentate coordination to the O6–N7 site of G was not observed in implicit water, 

underscoring the importance of including explicit solvent molecules. Similarly, although 

bidentate coordination exists between Li+ and the 2NB oxygens for n = 0 or 1, with an 

additional hydrogen bond between the explicit water and a non-bridging oxygen as reported 

previously,56 model expansion to n = 2 – 5 results in monodentate Li+ coordination to a 

single NB oxygen, with multiple hydrogen-bond-mediated contacts between the explicit 

water and the other NB oxygen. 
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Figure 6.3. Key coordination distances (Å) in explicitly hydrated Li+–G complexes in the 
gas phase (blue) and implicit water (orange) involving (A) 0 to 2 waters with bidentate Li+–
G(O6–N7) coordination, (B) 3 to 5 waters with monodentate Li+–G(N7) coordination, and 
(C) 3 to 5 waters with monodentate Li+–G(O6) coordination. Full structural information on 
hydrated Li+–G complexes are provided in Appendix E (Figure E.2).  

 

 

Figure 6.4. Key coordination distances (Å) in explicitly hydrated Li+–P complexes in the 
gas phase (blue) and implicit water (orange) involving 0 to 5 waters with a transition from 
bidentate (Li+–P(2NB)) to monodentate (Li+–P(1NB)) coordination. Full structural 
information on hydrated Li+–P complexes are provided in Appendix E (Figure E.3). 
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In general, inclusion of an increased number of explicit water molecules in the Li+ 

coordination sphere decreases the gas-phase BE of Li+ to the nucleic acid component 

(Figure 6.5 and Table E.2, Appendix E). For Li+–G complexes, the BE decreases most 

significantly when the first (by 12.4 kcal/mol for n = 0 to 1) and then the second (by  

11.3 kcal/mol for n = 1 to 2) explicit water is added. In contrast, there are much smaller 

changes in the BE as n increases from 2 to 3 – 5 (~1–4 kcal/mol), regardless of Li+ binding 

site (i.e., O6 or N7). For n = 3 – 5, Li+ shows a slight (~1–2 kcal/mol) preference for the 

N7 over the O6 site of G. For P, including a single water decreases the BE (8.1 kcal/mol), 

while larger decreases are observed moving from n = 1 to 2 (4.1 kcal/mol) and n = 2 to 3 

(6.0 kcal/mol). The BE for the Li+–P complex with n = 3 to 4 is increased by 6.0 kcal/mol, 

while n = 4 to 5 reduces the BE by 2.8 kcal/mol, which is attributed to the fifth water 

causing minor disruption in the Li+–P interaction. Thus, explicit solvent can significantly 

weaken the gas-phase Li⁺–nucleic acid binding energy by stabilizing Li⁺ and thereby 

reducing the energetic incentive to bind to nucleobase donor sites.   

Overall, as the number of water molecules increases in Li+–G and Li+–P complexes, 

the coordination geometry between Li+ and G/P is altered, more hydrogen-bond-mediated 

contacts between the coordinated water and the nucleic acid component occur, and the gas-

phase BE decreases. This highlights the importance of including explicit water for an 

accurate description of Li+–nucleic acid complexes. Nevertheless, Li+ binding is 

energetically preferred to P over G by ~2–3.3 times in the gas phase and ~2–4 times in 

water. 
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Figure 6.5. BEs (kcal/mol) for Li+ binding to G(N7) (A), G(O6) (B), or P(2NB) (C) in the 
gas phase (blue) and implicit water (orange) involving 0 to 5 waters. 

 

6.3.3. While Implicit Solvent Minimally Impacts the Structure of Explicitly Hydrated 

Li+–Nucleic Acid Complexes, the Broader Environment Significantly Affects the 

Thermodynamic Properties 

As discussed in the previous sections, the magnitude of the binding strength of bare 

Li+ interacting with G or P was significantly affected by increasing the polarity of the 

dielectric medium and inclusion of explicit water coordinated to the metal. Therefore, it is 

important to assess how simultaneous incorporation of both explicit and implicit solvent 

affect the structure and strength of Li+–G/P interactions. For the [Li(H2O)n(G)]+ complexes, 

the global geometry of the complex (Figures 6.3 and E.2, Appendix E), including the 

coordination geometry of the metal is preserved upon optimization in water. Nevertheless, 

all Li+ coordination distances are lengthened, with the effect being smaller as a greater 
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number of explicit waters are included in the model. As a result, hydrogen-bond-mediated 

metal–nucleic acid interactions are frequently strengthened as reflected in shorter 

hydrogen-bonding distances. For example, in the G(O6) complex with 5 waters, there is a 

0.1 Angstrom decrease in the hydrogen-bond length between a water and N7. Although the 

metal coordination distances increase with the inclusion of the implicit hydration for  

Li+–P complexes, with the effects diminishing in magnitude with an increase in the number 

of water molecules (Figures 6.4 and E.3, Appendix E), the implicit water environment 

results in an increase in hydrogen-bonding distances between the metal coordinated waters 

and the nucleic acid, reflecting increased stabilization of the charged P moiety. 

Furthermore, in the presence of one explicit water molecule, metal coordination changes 

from bidentate in the gas phase to monodentate in water. Nevertheless, the monodentate 

coordination for n = 2 – 5 observed for the gas phase is preserved in implicit water.  

 Unlike in the gas phase, the binding energy of explicit hydrated Li to G decreases 

with an increase in the number of water molecules in implicit water environment (Figure 

6.5 and Table E.2, Appendix E). This arises at least in part because the additional water 

molecules shield the Li+ from the effects of the implicit solvent and in part because of the 

strengthened hydrogen bonding between G and the metal coordinated waters. The largest 

decrease upon adding water occurs between n = 2 and 3 for both G binding sites (~7.5–8.6 

kcal/mol), where the lithium changes from monodentate to bidentate coordination. Once 

the preferred coordination numbers of Li+ are achieved (n = 3 and 5), there is near 

convergence in the binding energies, resulting in a difference between n = 3 and 5 of  

0.7–2.4 kcal/mol. In the case of P complexes, the binding strength is reduced by a factor of 

approximately 2.5 because of the change from bidentate to monodentate Li+–P coordination 
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for n = 0 to 1. Subsequently, the inclusion of additional water molecules results in a slight 

decrease in the binding energy as the number of explicit waters increases as discussed for 

G complexes (by ~6–7 kcal/mol for each additional water), with a plateau formed between 

n = 4 and 5 (within 0.7 kcal/mol). Overall, this data highlights that both implicit and explicit 

solvent molecules can impact the structure and strength of Li+–nucleic acid molecules, with 

the dielectric medium providing global screening of the complex and the explicit solvent 

molecules offering stabilization through formation of discrete hydrogen-bonding 

interactions. 

 

6.3.4. Solvent Environment Significantly Affects the Structure and Binding Strengths 

of Li+–Nucleobase Interactions  

To understand how Li+ interacts with nucleic acids in a hydrated environment, 

models consisting of hydrated Li+ interacting with each nucleobase (A, C, G, T, or U) 

binding site are considered. Due to a significant decrease in the BEs of Li+–G complexes 

in implicit and explicit solvent compared to gas-phase results, as well as the small 

differences (within 3.9 kcal/mol) between G binding sites for Li+–G(N2–N3) and Li+–

G(O6–N7) in implicit water (Table E.1, Appendix E), which indicates these binding sites 

are closer in energy and  more accessible in implicit solvent. Therefore, how hydrated Li+ 

binds to the other purine (A) and pyrimidines (A, C, T, and U) is compared to G. Given 

that explicitly hydrated Li+–G complexes achieve structural stabilization with 3 to 5 Li+ 

bound waters and the dominant coordination numbers of Li+ are 4 and 6, the Li+–

nucleobase models considered consist of Li+ coordination numbers of 4 and 6 (Figures  

6.6–6.7 and E.4–E.6; Table E.5, Appendix E) in two implicit solvents (1-bromopropane, 
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which mimics a DNA environment, and water). 53 Our analysis of the structures and binding 

strengths of Li+–nucleobase complexes in implicit water are organized according to Li+ 

interactions with the purines, pyrimidines, and comparison between purines and 

pyrimidines. Finally, the implicit water results are compared to a reduced-dielectric 

environment (1-bromopropane). 

 

Figure 6.6. Structures and BEs (kcal/mol) of explicitly hydrated Li+–nucleobase 
interactions involving 3 waters. Full structural information on hydrated Li+–nucleobase 
complexes are provided in Appendix E (Figure E.5). 
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Figure 6.7. Structures and BEs (kcal/mol) of explicitly hydrated Li+–nucleobase 
interactions involving 5 waters. Full structural information on hydrated Li+–nucleobase 
complexes are provided in Appendix E (Figure E.6).  

 

6.3.4.1. Hydrated Li+–purine interactions are influenced by water-mediated contacts 

and steric accessibility, with consistent binding strength trends occurring regardless 

of number of Li+-bound waters in 1-bromopropane or water 

In general, hydrated Li+ binds to purines and pyrimidines in a similar fashion, with 

a monodentate interaction between hydrated Li+ and each purine or pyrimidine site. 

Additionally, Li+-bound waters reorient to form hydrogen bonds with adjacent binding 

sites. Among the purines, the O6 and N7 sites in G are consistently favored for binding 

hydrated Li+, while the N7 site is the strongest in A but weaker than G. Like G, C supports 

the most hydrogen bonds between Li+-bound waters and the adjacent O2 and N3 sites. The 

N3 and O2 sites in C bind hydrated Li+ the strongest, followed by T and U. Overall, the 

hydrated Li+–purine/pyrimidine binding strengths decrease as C > G > A ~ T ~ U (Figure 

E.6 and Table E.5, Appendix E) regardless of n = 3 or 5 waters in the inner-shell of Li+, 
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which contrasts previous gas-phase literature on bare Li+–nucleobase interactions that 

identified G > C ≫ A ∼ T = U.29 Indeed, G demonstrates stronger affinity for binding Li+ 

than C in the gas phase by 3.7 kcal/mol; however, Li+–C interactions show the most 

hydrogen bonds with well-orientated waters near neighboring nucleobase binding sites, 

leading to the largest overall BE by ~2.5–3.2 kcal/mol in 1-bromopropane and  

~0.6–3.1 kcal/mol in water.  

 

6.3.4.2. WCF Base-Pairing Alters the Number of Available Nucleic Acid Binding Sites 

and Affects Structural and Binding Strengths of Hydrated Li+–Nucleic Acid 

Complexes, with Solvent Effects Varying by Li+-Coordination Site 

Given that nucleobases generally exist as base pairs in nucleic acids as well as the 

fact that base pairing alters the availability of Li+ binding sites, it is important to expand 

the nucleobase models to include the complementary WCF base. By exploring implicit and 

explicit solvent effects on Li+–nucleic acid interactions in a base-pair context, key insights 

into the structures, stabilities, and binding strengths of Li+–nucleic acid interactions can be 

obtained. Therefore, WCF base-pair models are considered (Figures 6.8–6.9 and E.7–E.8; 

Table 6.1). Hydrated Li+ binding to the WCF base pair is found to either increase (within 

1.7 kcal/mol) or decrease (within 1.3 kcal/mol) base pair stability (Table E.6, Appendix E). 

These results demonstrate that hydrated Li+ does not significantly influence WCF base 

pairing, therefore, our following results focus on how hydrated Li+ interacts with the base 

pair itself. 
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Table 6.1. BEs (kcal/mol) evaluated in 1-bromopropane and water for explicitly hydrated Li+–nucleobase (Li+–NA) and  
Li+–WCF nucleobase-pair (Li+–BP) complexes with 3 or 5 waters.a,b                                                                                                                                                                                                                                                                                                                                                           

 n = 3 n = 5 
 1-bromopropane Water 1-bromopropane Water 

Complex 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝑁𝑁𝑁𝑁
 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝐵𝐵𝐵𝐵 Diff.

c 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝑁𝑁𝑁𝑁 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝐵𝐵𝐵𝐵 Diff.
c 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝑁𝑁𝑁𝑁 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝐵𝐵𝐵𝐵 Diff.

c 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝑁𝑁𝑁𝑁 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+–𝐵𝐵𝐵𝐵 Diff.
c 

A(N1):T – – – – – – – – – – – – 
A(N7):T –13.4 –13.7 0.3 –11.6 –11.2 –0.4 –19.1 –14.6 –4.5 –12.7 –12.3 –0.4 
A(N3):T –10.7 –11.3 0.6 –8.1 –8.0 –0.1 –9.8 – – –8.2 – – 
A:T(O2) –13.3 –11.9 –1.4 –10.4 –8.4 –2.0 –14.5 –15.9 1.4 –12.2 –15.2 3.0 
A:T(O4) –12.9 –13.0 0.1 –10.2 –8.7 –1.5 –17.1 –17.0 –0.1 –13.5 –13.1 –0.4 
A(N7):U –13.4 –13.8 0.4 –11.6 –11.2 –0.4 –19.1 –14.7 –4.4 –12.7 –12.6 –0.1 
A(N3):U –10.7 –11.3 0.6 –8.1 –8.2 0.1 –9.8 –11.8 2.0 –8.2 – – 
A:U(O2) –11.2 –12.0 0.8 –10.4 –8.0 –2.4 –13.7 –14.8 1.1 –11.8 –11.7 –0.1 
A:U(O4) –13.0 –13.0 0.0 –9.8 –9.3 –0.5 –15.7 –13.8 –1.9 –13.1 –11.3 –1.8 
G:C(N3) – – – – – – – – – – – – 
G(N7):C –22.5 –25.1 2.6 –17.2 –18.2 1.0 –23.8 –25.6 1.8 –20.0 –20.5 0.5 
G(O6):C –23.3 –24.9 1.6 –17.9 –19.1 1.2 –23.6 –26.0 2.4 –19.6 –21.0 1.4 
G(N3):C –8.5 –10.2 1.7 –7.1 –7.5 0.4 – – – – – – 

G:C(O2) –25.7 –14.8 –
10.9 –20.3 –11.3 –9.0 –25.1 – – –20.9 – – 

aAll geometries were optimized with IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried out using IEF-
PCM-MN15/aug-cc-pVTZ in each respective solvent. The data reported does not include deformation energy. All nucleobase 
models are capped with a methyl group at the N9 and N1 position in purines and pyrimidines, respectively. bThe hydrated Li+–
nucleobase BEs are taken from Appendix E (Table E.5). cThe differences are calculated as the hydrated Li+–base pair BE 
subtracted by the hydrated Li+–nucleobase BE in each solvent for 3 or 5 waters. 
 



230 
 

 

 

Figure 6.8. Structures and BEs (kcal/mol) of explicitly hydrated Li+–base pair interactions 
involving 3 waters. Full structural information on hydrated Li+–base pair complexes are 
provided in Appendix E (Figure E.7). 
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Figure 6.9. Structures and BEs (kcal/mol) of explicitly hydrated Li+–base pair interactions 
involving 5 waters. Full structural information on hydrated Li+–base pair complexes are 
provided in Appendix E (Figure E.8). 

 

6.3.4.3. The Limited Accessibility to Binding Sites in GC Pairs Alters Hydrated Li+ 

Binding Preferences for G over C Compared to Isolated Nucleobases 

For hydrated Li+ binding to a GC pair where n = 3, there are 4 distinct complexes, 

with 2 formed in the major groove and 2 in the minor groove. Specifically, hydrated Li+ 

binds to the O6, N7, or N3 sites in G, or the O2 site in C. Like the nucleobase models, 

hydrated Li+–GC interactions are monodentate with additional stabilization provided by 

hydrogen bonds between Li+-bound waters and adjacent GC sites. However, unlike the 

nucleobase models, there are less available binding sites for hydrated Li+ to bind to, which 

is due to hydrogen bonding in the WCF face between G and C. Nevertheless, the strongest 
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GC binding sites for attracting hydrated Li+ are the O6 and N7 sites in G, followed by the 

O2 site in C and the N3 site in G. Specifically, the binding strengths of Li+–G(O6):C and 

Li+–G(N7):C are –19.1 and –18.2 kcal/mol in water, respectively, which is ~1.7 and ~1.9 

times stronger than hydrated Li+ interacting with G:C(O2) or G(N3):C. The slightly 

stronger binding of Li+ to the G(O6):C site compared to G(N7):C is likely due to the 

formation of 3 hydrogen bonds between Li+-bound waters and O6 and N7 sites in Li+–

G(O6):C complex, whereas only 2 hydrogen bonds occur in the Li+–G(N7):C complex. In 

the Li+–G:C(O2) complex, 2 Li+-bound waters form hydrogen bonds with the O2 site in C 

and N2 site in G. The water orientation in these models differs from the nucleobase model, 

which is due to the absence of hydrogen bonding in the WCF face. The Li+–G(N3):C 

complex demonstrates the weakest binding strength (–7.5 kcal/mol in water), with only a 

single hydrogen bond between a Li+-bound water and N2 in G. Finally, lowering the 

dielectric from water to 1-bromopropane shortens Li+–GC distances, reducing the distances 

by 0.009–0.028 Å. Additionally, the hydrated Li+–GC binding strengths are strengthened 

by ~3–7 kcal/mol. 

Expanding the hydration sphere of Li+ from 3 to 5 waters reduces the number of 

complexes from 4 to 2. The larger hydration sphere around Li+ leads to only the O6 and N7 

sites in the GC base pair remain accessible. The inability of hydrated Li+ to bind to the N3 

site in G or O2 site in C is a result of steric crowding in the minor groove. Hydrated Li+ 

binding at the O6 or N7 site in GC shows 3 Li+-bound waters each forming hydrogen bonds 

with O6 and N7 in both complexes. As a result, these complexes lead to nearly identical 

binding strengths (within 0.5 kcal/mol in water). As observed for the hydrated Li+–GC 

complexes where n = 3, reducing the dielectric to 1-bromopropane for n = 5 has a minimal 
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effect on the Li+–GC distances by ~0.005–0.006 Å, but larger effect on strengthening the 

hydrated Li+–GC binding interactions by ~5 kcal/mol. 

Overall, hydrated Li+ binding to the GC pair differs compared to each isolated G or 

C nucleobase. In the isolated nucleobases, hydrated Li+ binds to C complexes the strongest, 

with these interactions occurring in WCF face and forming multiple stabilizing hydrogen 

bonds. However, base pairing between G and C prevents this interaction, redirecting 

hydrated Li+ to bind to the O2 site in C in the minor groove, which deviates significantly 

from the isolated C. As a result, the hydrated Li+–G and Li+–C binding strengths in the base 

pair return to G(O6 ~ N7) > C(O2) > G(N3), aligning with gas-phase trends. Like the 

nucleobase models, the larger hydration sphere of Li+ where n = 5 prevents Li+ from 

accessing the N3 site in G in the minor groove, which is due to steric constraints. 

 

6.3.4.4. The Binding Strength Trends for AT and AU are Sensitive to the Implicit and 

Explicit Solvent Environment  

For hydrated Li+ binding to AT and AU pairs where n = 3, 4 distinct complexes are 

formed for each base pair, with 2 formed in the major groove and 2 in the minor groove. 

Within the AT and AU pairs, hydrated Li+ binds to the N7 or N3 sites in A, and the O4 or 

O2 sites in T or U. Like the nucleobase models, hydrated Li+ interactions at each binding 

site are monodentate with water-mediated contacts formed with adjacent base pair sites. 

Among base pair binding sites, hydrated Li+ interacts with the N7 site in AT and AU pairs 

the strongest, with binding strengths of –11.2 kcal/mol for both complexes. The hydrated 

Li+–AT/AU binding strengths are ~1.2 times stronger than A:T/U(O4) and ~1.3 times 
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stronger than A:T/U(O2) and A(N3):T/U. Li+-bound waters form 2 hydrogen bonds with 

N7 in AT/AU and O4 of AU, 1 for O4 in AT, and no hydrogen-bond-mediated contacts for 

N3 or O2 sites in the AT or AU pairs. Following, hydrated Li+ interacts with the O4 site in 

AT (–8.7 kcal/mol in water) and AU (–9.3 kcal/mol in water) are the strongest, followed 

by the O2 and N3 sites in AT and AU base pairs which are nearly equivalent to each other 

(within 0.4 kcal/mol in water). The Li+–AT/AU distances are reduced by 0.008–0.031 Å 

upon lowering the dielectric from water to 1-bromopropane. Additionally, the hydrated 

Li+–AT/AU binding strengths are strengthened by ~1–4 kcal/mol from water  

to 1-bromopropane. 

Increasing the hydration sphere of Li+ from n = 3 to 5 reduces the number of distinct 

complexes formed for each AT or AU pair from 4 to 3. All hydrated Li+–AT/AU 

interactions observed for n = 3 persist for n = 5, except for hydrated Li+ binding at the 

A(N3):T/U site. This result is due to steric crowding in the minor groove, which is observed 

in the isolated nucleobase models. The hydrated Li+–AT/AU binding strength trends shift 

where Li+–A:T(O4) is the strongest (–17.0 kcal/mol) in 1-bromopropane, while the 

strongest interaction in water occurs at A:T(O2) (–15.2 kcal/mol). The larger hydration 

sphere generally leads to more water-mediated contacts, with Li+-bound waters forming 2 

hydrogen bonds with O4 and O2 sites in the AT or AU pairs, while only 1 or 0 occur for  

n = 3. Reducing the dielectric to 1-bromopropane for n = 5 has a minimal effect on the  

Li+–AT/AU distances by ~0.000–0.051 Å, but more variable effect on strengthening the 

hydrated Li+–AT/AU binding interactions by ~1–4 kcal/mol. 

Overall, the relative binding strengths of hydrated Li+–A and Li+–T/U differ 

between hydration spheres of n = 3 or 5 waters. For n = 3, the binding strength trends 
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decrease as AT/AU(N7) > AT/AU(O4) > AT/AU(O2 ~ N3), which is consistent with gas-

phase trends. In contrast, for n = 5, the binding strengths decrease as AT(O2) > AT(O4) > 

AT/AU(N7) > AU(O2 ~ O4), demonstrating subtle differences in site preferences for 

hydrated Li+ with a larger hydration sphere. These results underscore how solvent affects 

Li+ binding behavior in nucleic acids. 

 

6.3.4.5. While Hydrated Li+ Binding to G in a Base Pair Remains Consistently the 

Strongest, Hydrated Li+ Interactions with AT or AU Reveal Subtle Differences in 

Structure and Binding Strength  

Overall, when considering the dominant Li+ binding sites in each WCF base pair, 

the BE trends decrease as G > C > A > T ~ U in 1-bromopropane and G > C ~ A > T ~ U 

in water for complexes where n = 3. For n = 5, the hydrated Li+–BP binding strength trends 

decrease as G > T > A > U, regardless of 1-bromopropane or water, with C no longer 

accessible for Li+ with a larger hydration sphere due to steric constraints. The GC pair 

demonstrates the largest number of hydrogen-bond-mediated contacts (3) between Li+-

bound waters and adjacent base pair sites, regardless of n = 3 or 5. These results differ from 

hydrated Li+ binding to isolated nucleobases, with the BEs following the trend of C > G. 

For the hydrated Li+–base pair complexes with 5 waters, the BE trends decrease as G > T 

> A > U, regardless of implicit solvent. 

While incorporation of an opposing WCF nucleobase influences the structure and 

binding strength of hydrated Li+–nucleic acid interactions, such effects are generally 

modest. The most significant change from nucleobase to base-pair models is the loss of 
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contact between Li+-coordinated waters and neighboring binding nucleobase sites upon 

forming the WCF pair, reducing the binding strengths. This highlights the importance of 

examining the opposing base when extrapolation of the conclusions to large nucleic acid 

systems is desired. 

 

6.4. Conclusions 

In summary, the impacts of implicit and explicit solvent on the structure and binding 

strength of Li+–nucleic acid interactions were investigated in single nucleobase/phosphate 

and WCF base pair models. The results demonstrate that optimizing bare Li+ interacting 

with nucleic acids in implicit solvent can lead to different geometries and significantly 

reduce the magnitude of binding strengths, effectively screening electrostatic interactions. 

When explicit water molecules are included in the models, the structures of Li⁺–nucleic 

acid complexes diverge from prior gas-phase studies on bare Li⁺–nucleic acid interactions. 

Specifically, as the number of water molecules increases, monodentate coordination 

between Li⁺ and G/P is preferred, with bidentate coordination between Li⁺ and G or P no 

longer observed once 3 or 2 water molecules coordinate to Li⁺, respectively. When 

exploring the preferred coordination numbers of Li+ (i.e., 4 and 6) at each nucleobase, the 

trends in the binding strength as a function of nucleobase alter such that C is preferred over 

G regardless of the number of explicit waters. This C > G preference is lost upon expanding 

the nucleobase models to include the opposing WCF nucleobase, with hydrogen bonding 

occupying the WCF face. Nevertheless, WCF base pairing has a modest impact on the 

structure and binding strength of hydrated Li+–nucleic acid interactions.  
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Incorporating both implicit and explicit solvent is important to provide a more 

complete picture of solute–solvent interactions and offers a balance for computational 

efficiency and accuracy. Given that solvent modulates Li+–nucleic acid interactions, both 

explicit and implicit solvent models should be considered in future studies. Additionally, 

the impact of base pair models on hydrated Li+–nucleic acid interactions highlight the 

importance of using larger models that account for other nucleic acid contacts. To reduce 

computational costs, we recommend considering the most common Li+ coordination 

number (4) for future studies exploring Li+–nucleic acid interactions to ensure capture of 

all possible binding modes. Overall, this work provides fundamental structural and 

energetic insights into how the presence of solvent impacts Li+–nucleic acid interactions, 

which is information that can be utilized towards understanding hydrated metal ion 

behavior in biosystems, developing biosensors for metal detection, and designing 

therapeutics to treat diseases.  
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Chapter 7: Manipulating Metal Binding to Nucleic Acids Through Chemical 

Modification: A Molecular Dynamics Simulation Study of PNA 

7.1. Introduction 

Metal–nucleic acid interactions are vital to numerous biological functions and 

enable the development of materials, therapeutics, and biotechnologies.1-3 Specifically, the 

diverse metal binding sites in nucleic acid components (i.e., phosphate, sugar, or 

nucleobases; Figure 7.1) facilitate interactions, while the structural flexibility of nucleic 

acids affords the formation of new structural motifs for metal binding.4 For example, the 

Mg2+ ions on a mica surface stabilize the structure of DNA-origami (i.e., single-stranded 

DNA that folds to form different shapes), with DNA-origami scaffolds being used to 

develop enhanced DNA nanowires to improve solar cell design.5 Alternatively, cisplatin 

interacts with nucleic acids to form distinctive 1,2-intrastrand crosslinks and thereby 

provides chemotherapeutic effects.6 Aside from material and therapeutic applications, 

nucleic acid-based biotechnologies have emerged such as nucleic acid sensing platforms to 

detect metals in the environment and cellular conditions.3,7  

The functionality of nucleic acids for metal binding can be further enhanced through 

chemical modifications. Numerous modifications to nucleic acid subcomponents have been 

synthesized.8 The type and location of modifications affect how metals interact with nucleic 

acids. Chemical modifications can induce nucleic acid selectivity for a particular metal. For 

example, introducing a phosphorothioate modification at the cleavage site in the Cd16 and 

PSCu10 DNAzymes leads to selective detection of Cd2+ and Cu2+, respectively, which is 

due to the sulfur modification attracting the soft Lewis acids.9,10 Introducing chemical 

alterations to nucleic acids can induce the formation of specific folded structures. As an 
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example, the 8–17 DNAzyme was chemically modified to contain 4-carboxyimidazole 

base pairs, which cause the metal binding pocket to fold into a compact structure upon 

specific recognition of Cu2+.11,12 Additionally, chemical modifications can facilitate the 

formation of structural motifs with distinct functions. For example, a nucleic acid sensor 

was designed in which the carbonyl and amino group positions in guanine were swapped 

to create a G-pentaplex that selectively binds Cs+.3 While there have been advancements in 

the development of chemically-modified nucleic acids to bind metals, the full potential of 

modifications to impart new functions to nucleic acids largely remains untapped, at least in 

part due to gaps in our understanding of how modified nucleic acids interact with metals.13  

Among different modifications, chemical alterations to the sugar–phosphate 

backbone are of particular interest due to their ability to influence the charge, structure, and 

stability of nucleic acids.14,15 Since positively charged metals are naturally drawn towards 

the negatively charged phosphate backbone, these metal–nucleic acid interactions lack 

selectivity and therefore modifying the sugar–backbone is useful for manipulating metal 

behavior in metal–nucleic acid-based technologies. Specifically, modifying the DNA 

sugar–phosphate backbone to a peptide backbone leads to peptide nucleic acids (PNA; 

Figure 7.1). PNA has uses in biotechnologies such as biosensing and gene therapies.16 In 

particular, PNA probes have been used to detect bacterial pathogens in food,17 and 

microRNAs (miRNAs) related to breast and liver cancer,18,19 and have been interfaced with 

smartphone technology to sense miRNA linked to prostate cancer.20 Aside from biosensing, 

antisense PNA agents have proven successful for inhibiting gene expression in bacteria, 

which results in greater antibacterial activity against E. coli.21 Additionally, gene editing 

technologies have been designed by coupling PNA with T7 endonuclease to carry out site-
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specific double-strand breaks in DNA sequences.22 Overall, PNA has proven to be 

successful across various applications; however, further work is required to understand how 

these modified nucleic acids interact with metals to further advance these applications.  

 Since PNA has proven to be a valuable tool in medicine and biotechnologies, there 

have been many experimental and computational studies carried out to understand the 

structure and binding properties of PNA duplexes and PNA hybrids with DNA or  

RNA.23-31 Crystallographic data revealed that the neutral peptide backbone of PNA 

significantly alters the nucleic acid shape,23 with PNA adopting a P-type helix that is more 

unwound (smaller twist), exhibits less stacking between nucleobases, is wider in diameter, 

and is more flexible than canonical B-DNA. Additionally, gel electrophoresis has shown 

that PNA is more resistant to enzyme degradation compared to DNA or RNA.14 When 

different DNA, RNA, and PNA (full and hybrid) duplexes were studied using  

UV-monitored thermal denaturation experiments in combination with molecular dynamics 

(MD) simulations, PNA duplexes were identified to be the most stable followed by hybrid 

PNA-DNA/RNA duplexes, while DNA/RNA duplexes were the least stable.30 Molecular 

dynamics (MD) studies were initially performed to uncover the structural dynamics of PNA 

using preliminary parameters, which identified a more flexible backbone in PNA than 

DNA.24,27,28,31 Improved parameters have been more recently developed for PNA29 that 

more accurately describe the backbone and reliably reproduce the most-accurately resolved 

and most-widely studied crystallographic structure (PDB ID: 3MBS).23 While the predicted 

backbone torsion parameters better match experimental data, the conclusion regarding the 

highly dynamic structure of PNA remains unchanged.29 Although experimental and 
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computational works have uncovered the structural dynamics of PNA, no studies to date 

have explored metal–PNA interactions, which could unlock new applications.  

In the present work, we uncover the binding distributions of select metals to PNA 

duplexes using molecular dynamics (MD) simulations (Figure 7.1). An initial emphasis 

was placed on understanding Na+, which is prevalent in biological systems, and Li+, which 

requires solutions for environmental remediation and material recovery for battery 

technologies.32,33 Investigating these two metals will provide insights regarding how metal 

identity affects metal–PNA interactions. Subsequently, the effects of salt concentration on 

metal binding positions and PNA structural features are explored by varying the salt 

concentration for each metal from 100 mM to 750 mM. Additionally, two nucleobase 

sequences are investigated to uncover the possible sequence dependence of metal–PNA 

interactions. All conditions were also explored with DNA in comparison to PNA. Overall, 

this study provides the first insight into how metals bind to PNA and demonstrates how 

modifications can shift metal binding towards specific nucleic acid regions. The 

information gained from this study will help guide the future development of PNA-based 

therapeutics, nanomaterials, and biotechnologies that can be applied in different metal ion 

and salt environments.  
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Figure 7.1. (A) 3D structure as well as nucleobase and backbone subcomponents of DNA 
(left) and PNA (right), and (B) the defined major and minor grooves for GC-rich and AT-
rich Watson-Crick-Franklin base pairs. 

 

7.2. Methodology  

7.2.1. Model Preparation: The starting model for PNA was extracted from an X-ray 

crystal structure (PDB ID: 3MBS; 5′-GGCATCGG-3′), while a DNA model with the same 

sequence was constructed using PyMOL 2.5.34 Additional models were generated for both 

PNA and DNA wherein the sequence was modified from GC to AT-rich  

(5′-AATGCTAA-3′). PNA strands were capped with an acetyl (COCH3) group at the N-

terminus and an amide group at the C-terminus, while terminal ends of DNA were capped 

with a hydroxy group. DNA models were neutralized with either Li+ or Na+ using tLEAP, 

and the same number of metal cations as the DNA models in addition to Cl– anions were 

added to PNA models to maintain neutrality. Each model was solvated in a TIP4P-EW 

water box,35 with the distance between the edge of the box and the solute being a minimum 
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of 24 Å for PNA (more stretched length) and 32 Å for DNA (more compressed in length) 

to ensure the volume (~77 000 Å3) and salt concentration are comparable between systems. 

Subsequently, different LiCl and NaCl concentrations were considered (100, 250, 500, and 

750 mM), with an additional NaCl concentration of 150 mM added to model a 

physiological environment. DNA was described using the AMBER OL15 forcefield,36 

while the Amber-type force field with improved backbone torsion parameters was used for 

PNA.29 All ions (Li+, Na+, and Cl–) were described using Joung and Cheatham 

parameters.37 

 

7.2.2. MD Simulation Protocol: Each system was minimized in four stages: 1) solvent 

and ions were minimized while restraining the solute; 2) hydrogens and solute were 

minimized, with heavy atoms, ions, and water restrained; 3) all atoms of the solute were 

minimized, while the ions and solvent were restrained; and 4) the entire system was 

minimized. 2 000 cycles of the steepest descent algorithm followed by 2000 steps of 

conjugate gradient minimization were used in each step, and a force constant of  

100 kcal∙mol-1∙Å-2 was applied as the restraint. Each system was heated gradually from  

10 K to 310 K in 50 K increments, with a 25 kcal∙mol-1∙Å-2 force constant used to restrain 

the system during heating. Each system was equilibrated in 5 stages of 10 000 steps each 

by gradually decreasing the restraint on the solute from 20, 15, 10, 5, and  

1.5 kcal ∙ mol-1∙Å-2. A 2 fs time step was used during production simulations with the 

SHAKE algorithm.38 All production simulations were performed in 5 replicas of 500 ns 

each at 1 bar of pressure (Berendsen barostat)39 and 310 K (Langevin thermostat) to mimic 
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human body temperature.40 All simulations were performed using the AMBER 20 

modeling package.41  

 

7.2.3. MD Simulation Analysis: All frames from all production simulations were saved 

every 1 ns and included in our analysis. Averages and standard deviations were calculated 

over all data. The total ion density around PNA and DNA was mapped using the bounds 

and grid analysis with 0.1 Å spacing and visualized with ChimeraX using a distance cutoff 

of 5 Å from the solute. Radial distribution functions (RDF) were used to define the 

interaction cutoffs for inner- and outer-sphere metal binding events. Inner-sphere 

coordination was determined based on a coordination distance cutoff of 3 Å and total 

interaction cutoff of 5 Å. A metal binding event is defined as an instance where a metal 

interacts with a given binding site within PNA or DNA with these cutoffs. The binding 

sites considered include N3, N7, and N1 of the purines, as well as O6 of G and N6 of A, as 

well as the N3, N4, and O2 binding sites of C, and the O2 and O4 positions of T and U 

(Figure 7.1). These sites were selected according to established gas-phase data highlighting 

these sites as dominant for metal binding in nucleic acids.3,42 Binding sites in the backbone 

of DNA included all phosphate oxygens (O1P, O2P, O3′, O5′), while PNA included 

nitrogen (N2′) and oxygen (O1′, O3′) sites. Subsequently, metal binding events were 

normalized according to the number of each nucleic acid component present in the duplex. 

The terminal base pairs were excluded from all metal binding analysis. Averages in the 

nucleic acid structural parameters for PNA and DNA were calculated for each base step. 

To minimize terminal end effects, two terminal base pairs in PNA and DNA were excluded 

from our structural analysis, with terminal end effects leading to observed perturbations in 
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an adjacent base pair in previous work on PNA.29 Subsequently, the neutral PNA and DNA 

systems were used as a reference to calculate structural deviations in the presence of the 

different salt concentrations. The minor groove width was calculated from the interstrand 

P′ to P′ in DNA, and C3′ to N4′ in PNA (Figure F.1, Appendix F), as defined in previous 

work.26 All MD analysis was carried out using CPPTRAJ of AMBERTools20 and X3DNA 

for the nucleic acid structural parameters of PNA and DNA.  

 

7.3. Results  

We have utilized MD simulations to uncover how metals (Na+ and Li+) 

differentially interact with PNA and DNA. The results and discussion are organized 

according to comparisons of the metal binding distributions between DNA and PNA for 

each metal at the lowest salt concentration (100 mM). Subsequently, the structural 

deviations in the nucleic acid parameters of DNA and PNA in 100 mM are discussed for 

each metal. Finally, the impact of changing salt concentration (100, 250, 500, and 750 mM) 

and sequence (GC vs. AT-rich) on the metal binding distributions and structural deviations 

is uncovered. 

 

7.3.1. While the Major and Minor Grooves of DNA Exhibit Nearly Equivalent Na+ 

Binding, the Peptide Backbone of PNA Pushes Na+ Towards the Major Groove 

Overall, the presence of Na+ does not change the general B-form of DNA or P-form 

of PNA (Figure 8.2). Na+ is densely populated throughout the DNA duplex, with an 

emphasis on the backbone (Figure 8.2), as previously reported in the literature.43,44 In 
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contrast, there is overall less Na+ density around PNA, with less Na+ distributed around the 

backbone and more in the major groove. As a result, the magnitude of metal binding events 

significantly decreases from DNA to PNA, with DNA demonstrating ~10 times more total 

Na+ binding events than PNA. Indeed, the average total normalized binding distribution 

throughout DNA and PNA reveals a noticeable shift of Na+ binding from the backbone 

(22% DNA; 11% PNA) towards the nucleobases from DNA to PNA (Figure 8.3A, Table 

F.1, Appendix F). RDFs highlight that inner-sphere interactions to the backbone of DNA 

and PNA are dominant (Figure 8.4). In contrast, the inner-sphere nucleobase RDFs are 

prominent in DNA, while inner- and outer-sphere interactions are nearly equivalent in 

PNA, which signifies that altering the nucleic acid backbone affects Na+–nucleobase 

interactions.  

Figure 7.2. 3D density plots of the total metal binding distributions of (A) Na+ and (B) Li+ 
to DNA (left) and PNA (right) in 100 mM for the GC-rich (5′-GGCATCGG-3′) and  
AT-rich (5′- AATGCTAA-3′) sequences. 
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Figure 7.3. The average normalized (A) Na+ and (B) Li+ binding events (%) within 5 Å 
(total) of the backbone or each nucleobase in DNA (striped) or PNA (solid) in 100 mM of 
NaCl or LiCl. 
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Figure 7.4. Radial distribution function (RDF) for (A) Na+ or (B) Li+ distance from all 
possible backbone (red) or nucleobase (black) binding sites in DNA or PNA. 

 

To further investigate the differences in Na+ binding to DNA and PNA, we next 

focus on the inner-sphere Na+ interactions with each nucleobase binding site in the major 

and minor groove. The average normalized binding events demonstrate comparable 

binding in both grooves of DNA, with ~45% in the major groove and ~55% in the minor 

groove (Figure 8.5A, Table F.2, Appendix F), which agrees with previous computational 

and experimental results.45,46 The preferred binding sites in the DNA major and minor 

grooves are G(O6) and T(O2), respectively, which is consistent with previous gas-phase 
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experimental and computational works that highlight these are the strongest metal binding 

sites in the major and minor groove.42,47 In contrast, a drastic shift of Na+ binding occurs 

from the minor (2%) to the major groove (98%) in PNA. In PNA, G(O6), G(N7), and T(O4) 

are the dominant sites for Na+ binding, with average normalized binding events of 42%, 

27%, and 25% respectively. This shift in Na+ binding from the minor to major groove from 

DNA to PNA may be attributed to the narrower minor groove width of PNA (9.7 Å) 

compared to DNA (12.2 Å; Table F.3, Appendix F), with the narrower minor groove in 

PNA identified in previous work.24,26 Overall, PNA demonstrates the ability to manipulate 

the position of Na+ binding in a nucleic acid duplex by shifting metal binding away from 

the backbone and minor groove towards the major groove. 

 

Figure 7.5. The average normalized (A) Na+ or (B) Li+ binding events (%) within 3 Å to 
each nucleobase site in the major and minor grooves of DNA (striped) or PNA (solid) in 
100 mM of NaCl or LiCl. 
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7.3.2. Li+ is pushed to the O6 site of G in PNA 

Having explored Na+ binding to PNA compared to DNA, the next step is to evaluate 

how metal binding differs from Na+ to Li+. Li+ density around the backbone of DNA is 

smoother than Na+ (Figure 8.2), indicating more interactions between Li+ and the phosphate 

backbone. Like Na+, the metal binding distributions show that Li+ is pushed away from the 

backbone towards the major groove for PNA compared to DNA, with a greater localization 

at the G:C base pairs (Figure 8.3B). Overall, the number of metal binding events 

substantially decreases (by ~11 times) from DNA to PNA. Furthermore, there is ~1.4 and 

1.2 times more binding between Li+ and DNA or PNA than Na+. These results also 

highlight that Li+ binds more to DNA than Na+, which agrees with previous experimental 

and computational literature.48,49 The total normalized binding events demonstrate that Li+ 

is more localized at the DNA phosphate backbone (27%) than Na+, followed by T (23%), 

and G (21%; Figure 8.3B, Table F.1, Appendix F). In PNA, Li+ binding to the peptide 

backbone is significantly reduced (9%) compared to the DNA phosphate backbone (27%). 

Li+ is also more evenly distributed across the nucleobases in PNA (~17–28%). Comparing 

Li+ binding interactions within the inner- and outer-coordination sphere of the nucleobases 

and backbone, Li+ predominantly forms inner-sphere interactions with the backbone in 

DNA and PNA (Figure 8.4). Like Na+, Li+ shows equivalent binding between the inner- 

and outer-coordination sphere in PNA. Within the major and minor grooves of DNA and 

PNA, Li+ binds in a similar fashion to Na+ such that metal binding is distributed evenly 

between the grooves of DNA (48% major and 52% minor groove) but is dominant in the 

major groove in PNA (93% in major and 7% in minor groove; Figure 8.5B, Table F.2, 
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Appendix F). However, unlike Na+, Li+ is pushed to a specific binding site in the major 

groove of PNA, particularly the O6 site of G (59%). Indeed, the next most populated Li+ 

binding site in PNA is the O4 site of T (16%). Altogether, these results highlight that 

modifying the backbone from DNA to PNA influences the Li+ binding distribution, pushing 

the smaller metal to a particular nucleobase binding site. This suggests that PNA may be a 

step in the right direction for selectively binding Li+.   

 

7.3.3. At the Lowest Salt Concentration, PNA Structure is Less Sensitive to Metal 

Identity than DNA 

 The impact of Na+ and Li+ on the structure of DNA and PNA was investigated by 

calculating the difference in structural parameters for nucleic acids in the lowest salt 

concentration (100 mM) and no salt (Figure 8.6). To minimize artifacts in our structural 

analysis introduced by terminal end effects, the two terminal base pairs were omitted from 

the analysis. In general, there are minimal deviations in the nucleic acid parameters of DNA 

in the presence of Na+ as shown by the light shades of red and blue. In contrast, there are 

deeper shades of red and blue throughout the helix in the presence of Li+, signifying greater 

structural deviations in DNA, which agrees with previous literature.50 In PNA, there are 

minimal structural deviations in the presence of either Na+ or Li+, except for one base pair 

above the two terminal ends within the duplex that demonstrated localized structural 

deviations in the X- and Y-displacement in the presence of Li+, highlighting minor 

perturbation in the base pairs due to terminal end effects. Most importantly, the structure 

of PNA is less susceptible to deviations than DNA in the presence of metals. Overall, this 

highlights that PNA is likely an improved candidate for targeting Li+ due to minimal 
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structural deviations upon metal binding, with structural stability being an important 

property in designing nucleic acid sensing and extraction platforms.51 

 

Figure 7.6. Deviations (°, left, and Å, right) in the nucleic acid structural parameters when 
Na+ or Li+ interacts with DNA or PNA in 100 mM of NaCl or LiCl relative to the 
corresponding duplex in the absence of salt. 

 

7.3.4. Although the Preferred Nucleic Acid Binding Sites Remain Constant Regardless 

of Salt Concentration, the Structure of PNA Deviates Less than DNA in the Presence 

of Li+ Compared to Na+ Under Different Salt Concentrations  

The effects of salt concentration on the structure of PNA and its ability to bind 

metals was studied, which is important information for designing therapeutics, materials, 

and nucleic acid sensing and extraction platforms. Increasing the salt concentration of NaCl 

from 100, 250, 500, to 750 mM had a minimal impact on metal binding distributions in 
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DNA and PNA (Figures 8.7A, F.2 and F.4, and Tables F.4–F.5, Appendix F). An additional 

salt concentration of 150 mM of NaCl was included to explore in physiological conditions, 

with this information being important in biological applications. Nevertheless, there was 

no change in the Na+ binding events at this additional concentration compared to 100 mM 

(Figures 8.2 and 8.4). RDFs demonstrate that Na+ binding interactions in the inner-sphere 

coordination remain the same regardless of salt concentration, while the outer-sphere 

interactions become saturated with Na+ binding as the increasing salt levels (Figure F.3, 

Appendix F).  

The total normalized binding events for Na+ indicate there are minimal fluctuations 

in Na+ binding to DNA and PNA (Figure F.2 and Table F.4, Appendix F). However, Na+ 

binding at each nucleobase site is more susceptible to fluctuations caused by increasing the 

salt concentration. The Na+ binding trends for the preferred sites remain the same relative 

to 100 mM, with both the DNA major and minor grooves being occupied by Na+ (G(O6) 

and T(O2)), and G(O6) in PNA being dominant. The greatest fluctuation occurs at the 

T(O2) site in PNA, with ~22% more Na+ binding from 100 to 750 mM. Increasing the NaCl 

concentration has a minimal effect on DNA structure (Figures F.6–F.8, Appendix F) but 

induces more structural deviations to PNA, especially highlighted by the inclination and 

roll (Figures F.6–F.8, Appendix F). 

Like Na+, increasing the LiCl concentration from 100, 250, 500, to 750 mM does 

not significantly affect the Li+ binding distributions at each nucleobase site or DNA and 

PNA structure (Figure 8.7B and Figure F.4 and Tables F.4 and F.6, Appendix F). The RDFs 

show that inner-sphere Li+ binding interactions remain consistent in varying LiCl 

concentrations, while outer-sphere interactions reach saturation as LiCl levels rise (Figure 
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F.3, Appendix F). The total normalized Li+ binding events to DNA are more susceptible to 

fluctuations in changing LiCl concentrations. Indeed, as the salt levels rise, the Li+ binding 

to the nucleobases and backbone increases (Figure F.2, Appendix F). The dominant 

nucleobase binding sites for Li+ (G(O6) and T(O2) in DNA and G(O6) in PNA; Figure 

8.7B and Figure F.5, Appendix F) are consistent regardless of LiCl concentration, with the 

difference being less than 10% at each binding site. Elevated LiCl levels cause slightly 

more deviations in DNA structure, while PNA is less susceptible than DNA to structural 

fluctuations in different LiCl concentrations, which is highlighted by the inclination, 

propeller, and buckle (Figures F.6 and F.9–F.10, Appendix F). 

Overall, Na+ and Li+ binding distributions in PNA and DNA are generally 

consistent in changing salt concentrations, with the metal binding trends to each nucleobase 

site remaining consistent. Na+ causes more structural deviations to PNA than Li+. 

Alternatively, DNA is more distorted in the presence of Li+ than Na+. Since, Na+ causes 

more structural deviations to PNA than Li+, PNA may offer greater resistance to structural 

distortions caused by Li+, suggesting that PNA is a more suitable material for Li+-related 

applications in the development of therapeutics and materials. 
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Figure 7.7. The average normalized (A) Na+ or (B) Li+ binding events (%) within 3 Å to 
each nucleobase site in the major and minor grooves of DNA (striped) or PNA (solid) in 
100 or 750 mM of NaCl or LiCl.  

 

7.3.5. Metal Binding to PNA is Sensitive to Sequence, with GC Pairs Being Favored  

To ensure that metal binding distributions in PNA and DNA are the same regardless 

of sequence, the GC-rich sequence of PNA and DNA was altered to consider an AT-rich 

sequence. Changing the sequence context from GC- (5′-GGCATCGG-3′) to AT-rich  

(5′-AATGCTAA-3′) in DNA and PNA results in a visible change in the total Na+ binding 

distributions throughout the PNA duplexes in 100 mM (Figure 8.2), with the Na+ density 

exhibiting more localization at the G:C pairs. In contrast, sequence-dependent variations in 

Na+ binding to DNA are minimal (Figure 8.2). The inner- and outer-sphere Na+ binding 

interactions from the GC- to AT-rich sequence generally remain the same as shown by 

RDFs (Figures F.3 and F.12, Appendix F), with the magnitude of outer-sphere metal 
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binding to the nucleobases or backbone increasing with the salt concentration. The total 

normalized Na+ binding distribution shows that substitution of G:C with A:T pairs in PNA 

leads to a reduction in Na+ binding at G (by 13%) and increased total Na+ binding at A (by 

18%), while minimal Na+ binding changes occur between G and A in DNA (Figure F.11A 

and Table F.7, Appendix F). The Na+ binding distribution across nucleobase binding sites 

exhibit no change from the GC- to AT-rich sequence (Figure 8.8 and Figures F.4 and F.14, 

Appendix F). 

While the metal binding distributions generally showed little variation between GC 

and AT-rich sequences in DNA and PNA, the largest sequence effect is the impact of metals 

on the structure of the duplex (Figures F.6–F.10 and F.15–F.18, Appendix F). Specifically, 

there are more deviations in the AT-rich than GC-rich sequence of DNA in the presence of 

Na+, which is supported by previous findings that metal binding to different sequence 

contexts affects the conformational substates of DNA.52 In contrast, Na+ generally causes 

minimal deviations in PNA structure, except for a visible change in X-displacement (Figure 

F.16, Appendix F). This may be the result of ~1.6 times less Na+ binding interactions from 

the GC- to AT-rich sequence in PNA. 

Changing the sequence context from GC- to AT-rich in DNA and PNA alters Li+ 

binding, with Li+ density demonstrating even greater localization at the G:C pairs in PNA, 

while DNA displays minimal Li+ binding differences between the GC- and AT-rich 

sequences (Figure 8.2). The RDFs show the inner- and outer-sphere Li+ binding 

interactions are consistent in PNA and DNA, regardless of the sequence (Figures F.3 and 

F.12, Appendix F). The total normalized Li+ binding distribution shows greater differences 

between GC- and AT-rich sequences for Li+ binding at the nucleobases and backbone in 
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PNA, while minimal changes occur in DNA (Figure F.4 and Figure F.13 and Tables F.4 

and F.7, Appendix F). Specifically, Li+ binding is increased at A from the GC- to AT-rich 

sequence of PNA from 23% to 36% while only a subtle decrease of Li+ binding occurs at 

G from 21% to 19%. Nevertheless, the Li+ binding distribution at each nucleobase site 

remains the same regardless of the PNA or DNA sequence (Figure 8.8).  

In general, there are similar levels of structural deviations caused by Li+ binding in 

the AT-rich sequence of DNA compared to the GC sequence (Figures F.8–F.10 and F.17–

F.18, Appendix F). Interestingly, the AT-rich sequence of PNA is more susceptible to 

structural deviations in the presence of Li+ compared to the GC sequence, with the tip, 

inclination, twist, X- and Y-displacement demonstrating the largest deviations in the AT 

duplex (Figures F.8–F.10 and F.17–F.18, Appendix F). This result is consistent with prior 

crystallographic work that identified PNA as being generally susceptible to local disorder, 

while maintaining its global structure.53  

Overall, Li+ density is more localized at G:C regions of PNA compared to Na+ 

regardless of a GC- or AT-rich sequence considered. Although the general metal binding 

behavior remains consistent regardless of sequence context of PNA or DNA, there are 

sequence-dependent differences in metal binding on the structure of PNA. The AT-rich 

sequence of PNA being more susceptible to structural deviations in the presence of Li+ 

highlights the importance of selecting a GC-rich sequence to target Li+. 
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Figure 7.8. The average normalized Na+ or Li+ binding events (%) within 3 Å of (A) DNA 
or (B) PNA to each binding site of the nucleobases within the major and minor grooves of 
a GC- (solid) or AT-rich (striped) sequence in 100 mM of NaCl or LiCl.  

 

7.4. Discussion 

Although PNA is a powerful tool in gene therapies, pathogen detection, and 

biotechnologies,14,18,22,54 how metals interact with PNA was poorly understood prior to this 

study. While studies utilizing experimental (NMR, X-ray crystallography) and 

computational techniques (MD) have uncovered the structural details and dynamics of 

PNA,23,24,26,27,29 with the greater backbone flexibility of PNA over DNA or RNA revealed, 

in addition to PNA adopting a P-conformation. Furthermore, the helical twist of PNA in 

MD simulations deviated from X-ray crystal structures but aligned more closely with NMR 

data.27 MD simulations also revealed new conformational features of PNA, which showed 

increased flexibility in the linker region between the nucleobases and backbone that was 

not detected in previous experimental studies.27 Our MD simulations complement existing 

data by providing insights into how metals interact with different PNA components  
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(i.e., backbone, nucleobases) and influence the structure of PNA compared to DNA. 

Specifically, we have identified that PNA shifts metal binding from the backbone towards 

the nucleobases in the major groove, with emphasis on the O6 site in G for attracting Li+.  

Additionally, the structure of PNA undergoes less deviations in the presence of metals 

compared to DNA, and the preferred nucleic acid binding sites for metals remain constant 

in different salt concentrations. Altogether, gaining these insights into metal–PNA 

interactions is necessary for understanding the behavior of PNA in the body and 

environment and expanding PNA functionalization to more applications in medicine, 

materials, and biotechnology. 

 

7.4.1. Altering the charge of nucleic acids by modifying the backbone significantly 

affects metal distribution, paving the way for tuning nucleic acid function 

Chemically modifying the negatively charged phosphate backbone of DNA to a 

neutral peptide backbone (PNA) significantly alters metal binding. Indeed, Na+ and Li+ 

binding is shifted from the backbone to localize at nucleobase binding sites. In DNA, Na+ 

and Li+ are distributed almost equally between the major groove and minor grooves, with 

both metals preferentially bound to O6 of G in the major and O2 of T in the minor groove. 

In contrast, metal binding in the minor groove of PNA is nearly absent, with both Na+ and 

Li+ preferentially binding in the major groove. Manipulation of metal binding to specific 

regions of nucleic acids can unlock enhanced functionality in different applications such as 

nucleic acid sensing platforms for metal detection in the environment and remediation for 

materials, and therapeutics that permit improved targeted delivery and gene regulation.55,56 

Chemically altering nucleic acids to enable the tuning of metal–nucleic acid interactions to 
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perform specific functions (e.g., metal capture, catalysis) has been done in the past.3,57 For 

example, the metal binding preference of the Ce13d DNAzyme was altered from selectively 

targeting Ce3+ to Cu2+ by introducing a phosphorothioate modification.58 As another 

example, a Hg2+-specific nucleic acid sensor was designed by using noncanonical base 

pairs where the opposing A in an AT base pair is replaced with T, which enables the 

formation of T–T base mispairs that demonstrate strong selectivity for Hg2+.59,60 In material 

applications, DNA has been modified to form metal-mediated base pairs consisting of 

opposing hydroxypyridones to selectively bind Cu2+, with this Cu2+–DNA complex used in 

nanowire development.61 Alternatively, DNA architectures have been created by 

introducing 2,2′-bipyridine modifications that form a three-way junction once Ni2+ is 

selectively bound.62 A similar DNA architecture was constructed by introducing different 

metallohelices to form a Fe2+-specific three-way junction, which was found to induce DNA 

damage in human colon cancer cells, thereby demonstrating therapeutic benefits.63 Our 

results indicate that PNA demonstrates similar promise for region-specific metal binding, 

which may be useful in therapeutics, materials, or biosensing applications. 

 

7.4.2. PNA demonstrates metal-specific behavior, with Li+ being localized at the O6 

site of G, while Na+ is distributed across multiple binding sites 

In addition to manipulating metal binding to favor the major groove side of PNA, 

we have identified metal binding site preferences for PNA. Specifically, Na+ and Li+ bind 

differently within the major groove of PNA. Na+ is distributed across three major groove 

binding sites, O6 and N7 of G and O4 of T. In contrast, the dominant binding site for Li+ is 

O6 of G, with significantly less binding to N7 of G and O4 of T. These results highlight 
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that chemically modifying the nucleic acid backbone can push certain metals (e.g., Li+) to 

a specific binding site. This opens the possibility of PNA being a step in the right direction 

for developing a biosensor and extraction tool that targets Li+.3 There is a growing need for 

Li+ sensing and extraction technologies since there are rising levels of Li+ contamination 

in the environment, which can in turn result in excess levels of Li+ in ecosystems and the 

human body, primarily due to mining activities and the production and disposal of lithium-

ion batteries.33 While biosensors have been designed to detect metals,3 there is a growing 

need for environmentally-friendly solutions that also aid remediation and recovery 

efforts.64 Given that nucleic acids are powerful environmentally-friendly biosensors, 

chemically modified nucleic acids can expand the functionality of biosensors to enhance 

sensing and extraction of metals, especially Li+. Altering the charged backbone of canonical 

DNA to a neutral backbone (PNA) shifts Li+ binding to a localized binding site (O6 in G), 

which demonstrates the promise of using PNA for Li+ recognition. Nevertheless, additional 

modifications may be required to achieve selective capture of Li+ since the O6 binding site 

in G is the preferred nucleobase binding site for many metals.3,47 Our work suggests future 

studies should explore the introduction of chemical modifications to the major groove of 

PNA. Aside from sensing and extraction technologies, PNA could be used to transport Li+ 

to specific therapeutic targets or to regulate Li+ and Na+ exchange in the body.65 Indeed, 

Li+ has known beneficial therapeutic effects for the treatment of Alzheimer’s, Parkinson’s, 

and Huntington’s disease, bipolar disorder, and different types of cancers.66-68 As a result, 

methods to selectively deliver Li+ to cancer cells are required, with nucleic acid delivery 

systems having already been considered for canonical DNA.69 PNA may be a solution to 

Li+ delivery, with PNA having been shown to enter cells more easily than DNA.70 Our 

results highlight that PNA demonstrates the potential to be used in platforms to selectively 
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administer Li+ to target cells, in addition to being used towards the development of 

biosensors to detect and capture Li+.  

 

7.4.3. PNA demonstrates less structural distortion than DNA in the presence of metals 

at varying salt concentration 

The impact of metal binding on the structure of DNA and PNA varies with metal 

identity. For DNA, Na+ induces minimal structural deviations regardless of concentration, 

while Li+ causes greater deviations. In contrast, PNA demonstrates minimal structural 

changes in varying Li+ concentrations, while Na+ leads to greater fluctuations in PNA 

structure. Nevertheless, the global structure of PNA is largely unaffected by varying salt 

concentrations compared to DNA, regardless of the metal. Additionally, the metal binding 

distributions to PNA are unaffected by different salt concentrations. Indeed, gradually 

increasing the salt concentration from 100 to 750 mM, including salt conditions that mimic 

a real-life environment such as sea water (~560–600 mM),71 brine water for lithium  

(~200–600 mM),72 and brackish water (~100–500 mM),71 emphasizes the ability of PNA 

to resist structural distortions in diverse environments. The ability of PNA to resist 

structural deviations imposed by metals may be attributed to the neutral charged backbone, 

which reduces metal binding to the PNA backbone, with high levels of metal binding to 

DNA (particularly at the phosphate backbone) known to destabilize DNA duplexes.73 The 

structural resilience of PNA in extreme salt concentrations as well as unwavering metal 

binding distributions highlights the ability of PNA to be used in different environmental 

conditions (sea and brine water, the human body), and therefore could be a robust platform 

for applications ranging from materials to therapeutics.  
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The minimal impact of metal binding on PNA structure may be attributed to the 

enhanced structural stability of PNA over DNA or RNA,30 which has likely contributed to 

the success of PNA in therapeutic and biotechnological applications. For example, a PNA-

based drug (OLP-1002) is used as a painkiller to treat osteoarthritis and works by PNA 

binding with pre-mRNA to block splicing enzymes and thereby preventing protein 

production.70 Unlike anesthetics such as lidocaine that affect various sodium ion channels, 

PNA is a safer alternative, with greater selectivity and does not shut down sodium channels 

that control heart function.70 PNA has also been used to create scaffolds for nanomaterial 

design.74 For example, PNA has been incorporated into hydrogels to enhance hydrogel 

rigidity, with improved mechanical stiffness of hydrogels important for tissue 

engineering.74 PNA has also proven to be effective in gene editing technologies such as 

CRISPR-Cas9, with PNA more easily entering cells and binding to DNA or RNA more 

strongly to more effectively silence genes.75 Additionally, PNA does not cut the genomic 

DNA target,70 which decreases the risk of off-target effects. Understanding how metals 

interact with PNA can contribute towards further advancing CRISPR-Cas9 gene-editing 

therapeutics. For example, previous work found that Mn2+ increases the catalytic efficiency 

of the Cas9 protein, thereby improving its gene editing capabilities.76 Furthermore, the 

conformational state of Cas9 is dependent on metal and nucleic acid identity bound to 

Cas9.77 Aside from the Cas9 protein, the structural stability of modified hybrid PNA-

DNA/RNA duplexes for antisense applications was found to be enhanced under certain salt 

conditions,78 which underscores how metal–PNA interactions could be used to strengthen 

gene-editing technology. Improving CRISPR performance can be useful towards 

advancing therapeutics as well as generating sustainable food sources. In therapeutics, 

reducing off-target effects can prevent harmful side-effects from CRISPR such as undesired 
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DNA damage and cytotoxicity in the cell.79 Aside from therapeutics, sustainable food 

sources that can adapt to different environmental conditions due to climate change is a top 

global priority, and PNA coupled with gene editing technology may help create stress-

tolerant plants.80 Overall, our work provides insights as to why the structure of PNA is 

resistant to deviations in the presence of metals, information that can be used towards 

improving current PNA applications such as therapeutics and materials that function in 

varying salt conditions. Additionally, this highlights that PNA could be used under extreme 

salt conditions for biosensing and extraction applications such as sea and brine water.75  

 

7.4.4. PNA demonstrates sequence-specific behavior in the presence of metals, with 

G:C base pairs being preferred metal binding sites regardless of sequence  

Our work highlights that PNA demonstrates greater sequence-specific effects on 

metal binding than DNA. GC-rich sequences of PNA bind more metals than AT-rich 

sequences of PNA. Additionally, GC-rich sequences are less distorted in the presence of 

metals than AT-rich sequences. This highlights that choosing the sequence will be 

important for applications, with a GC-rich PNA sequence being more beneficial for 

detecting (biosensing), extracting, and delivering metals. This underscores that GC-rich 

regions are prime targets for introducing further modifications to specifically capture 

metals. It is also noteworthy that Li+ binds more than Na+ to GC-rich PNA, suggesting that 

such sequences provide a more optimal platform for developing tools to specifically detect 

Li+. Understanding the impact of PNA sequence is also highly relevant for applications 

such as diagnostics and therapeutics, which rely on complementary nucleobase binding. 

For example, a PNA biosensor has been designed to detect the DNA sequence of the 
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hepatitis C virus.81  PNA  has been used to interfere with the splicing process by binding to 

specific pre-mRNA sequences, which prevents protein production that support tumor 

development in breast cancer.82 PNA-based technologies have also shown promise in 

environmental applications, with a PNA probe coupled with fluorescence in situ 

hybridization (PNA-FISH) to detect Legionella pathogens in drinking water,83 with these 

pathogens able to survive more saline environments.84 Our data suggests such applications 

may be most successful when the PNA sequence is GC-rich due to enhanced metal binding 

and stability in the presence of varying metal concentrations. 

 

7.5. Conclusions 

In summary, we have carried out MD simulations to uncover how select metals applicable 

to biology and material applications interact with and affect the structure of PNA in 

comparison to DNA. Our simulations revealed that while Na+ and Li+ nearly equivalently 

bind to the DNA minor and major grooves, both Na+ and Li+ preferentially bind in the 

major groove due to the narrower minor groove width of PNA compared to DNA. Unlike 

Na+, Li+ binding in PNA is more localized at the O6 site of G than in DNA, which remains 

consistent in different salt concentrations. At the lowest salt concentration (100 mM), PNA 

undergoes less structural deviations in the presence of Li+ than Na+. Nevertheless, the 

global structure of PNA is maintained regardless of metal identity or salt concentration. 

Flipping the GC-rich to an AT-rich sequence does not impact the preferred binding sites of 

Li+ and Na+ in DNA or PNA. However, like DNA, the AT-rich duplex of PNA is 

susceptible to more structural deviations in the presence of Li+ than Na+, which highlights 

that a GC-rich sequence of PNA is preferable in applications requiring Li+ binding. Our 
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results have provided a fundamental understanding of how metals bind to PNA, which can 

be used towards developing gene therapies and biotechnologies that can deliver metals and 

biosensors for metal detection and extraction. Furthermore, our results show that by 

modifying the nucleic acid backbone, we can manipulate metal binding towards specific 

sites in the duplex, which opens the door for future research into applications of PNA with 

Li+ for developing Li+-sensing and remediation technologies.  
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Chapter 8: Designing a Crown Ether–Nucleic Acid Adduct for Targeting Lithium: A 

Density Functional Theory and Ab Initio Molecular Dynamics Approach 

8.1. Introduction 

Lithium is an emerging metal contaminant in the environment, which is largely due 

to the production and disposal of lithium-ion batteries, in addition to mining activities for 

lithium extraction.1,2 Lithium is a highly mobile element in soil and plants, causing the 

element to readily travel through ecosystems.3,4 As a result, increasing levels of lithium are 

found in plants and water,4 leading to adverse effects on ecosystems and human health.3 

Excess levels of lithium in the environment have demonstrated toxic effects such as 

oxidative stress in plants, animals, and aquatic life.5-7 Although lithium is used as a drug to 

treat bipolar disorder8 and was more recently found to be effective for slowing cancer tumor 

and ALS progression,8-10 lithium is only beneficial to human health in a narrow 

concentration range of 0.5–1.0 mM.11 Accumulation of lithium in the body above the 

recommended dosage can cause hypothyroidism, hyperparathyroidism, permanent brain 

damage, and kidney disease.3,11 Since lithium contamination is a growing global concern, 

it is important to have technologies that can detect and capture lithium in the environment 

and the human body. 

 Nucleic acids are a promising onsite green-tool to aid metal capture and 

extraction.12 Indeed, nucleic acids contain a negatively charged phosphate moiety, 

nitrogenous bases (nucleobases), and a sugar, with each component capable of attracting 

metal ions with varying binding affinity.13 Additionally, nucleic acids are structurally 

versatile, demonstrating the ability to fold into diverse 3D structures with distinct functions. 

For example, G-quadruplexes, DNAzymes, and aptamers can interact with and use metals 
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in different ways (e.g., stability, catalysis, and metal capture).14,15 As a result, nucleic acids 

have been designed to detect various metals (e.g., Pb2+, Cd2+, Ni2+, Cu2+, and Cs+).12,16 

Although nucleic acid platforms exist for capture of several metals, there are no nucleic 

acid solutions to date that for the detection and capture of lithium.  

Designing a nucleic acid platform that is specific for lithium requires fundamental 

structural and energetic information about how lithium binds with nucleic acid components. 

Previous experimental and computational gas-phase studies uncovered that group I metals 

preferentially interact with the phosphate moiety,17-19 however, this preference does not 

provide selectivity. Among the nucleobase sites, guanine (G) is the strongest binding 

position for lithium.19-21 Within G, the strongest binding sites for lithium are O6 and N7.21 

Additional work that explored the role of water on lithium–nucleic acid interactions 

concluded the preferred binding sites remain consistent in different solvents.22 

Nevertheless, other metals are known to compete with lithium for nucleic acid binding 

sites,19,23,24 which interferes with selective lithium binding for targeted applications.  

To enhance the selectivity of nucleic acids for particular metals, incorporation of 

chemical modifications has been shown to be an effective approach. Nucleobase 

modifications have shown great potential for developing new materials and biosensing 

technologies, especially in applications involving metals.12,25 For example, replacing 

canonical nucleobases with hydroxypyridone nucleobases enabled the formation of Cu2+–

mediated base pairs, which have proven useful for developing DNA nanowires and 

magnets.26 Alternatively, a Cs+-specific detection strategy was designed by swapping 

carbonyls with amino groups in a G-quadruplex.27  A Cd2+-specific nucleic acid sensing 
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platform was developed by introducing a phosphorothioate modification at a DNAzyme 

cleavage site.25 

To achieve the goal of lithium capture using nucleic acid technology, a nucleobase 

modification that selectively binds lithium is required. In this light, crown ethers (CE) have 

proven to afford designs that can selectively bind alkali metals,28,29 with the ring size 

adjustable to capturing smaller-radius metals. Indeed, several computational studies have 

employed density functional theory (DFT) and ab initio molecular dynamics (AIMD) to 

uncover how metals, including group I metals, interact with crown ethers and the dynamics 

of these interactions.28,30 These studies have provided insights into how ring size and metal 

ion radius impact metal binding selectivity and affinity, in addition to how metal 

interactions within the crown ether fluctuate over time, emphasizing the importance of 

using DFT and AIMD techniques for investigating metal–crown ether interactions. 

Among crown ether candidates, experimental and computational studies have 

highlighted that 14-crown-4 is particularly selective towards lithium.31-33 In fact,  

14-crown-4 has been successfully used in a nanofiber for lithium recovery from discarded 

lithium-ion batteries.34 The demonstrated success of the 14-crown-4 for capturing lithium 

emphasizes its potential for incorporating into nucleic acids and developing a nucleic acid 

platform for sensing and extraction lithium. This platform would enable monitoring of 

lithium in the environment and in the human body. Building upon the success of  

14-crown-4, a previous combined experimental and computational study identified 

improved crown ether variants, with dibenzo-14-crown-4 and its derivatives emerging as 

strong candidates due to ideal cavity dimensions, while maintaining the preferred 

coordination numbers of lithium (4 or 6). The CE 3d was identified as the most selective 
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variant, making it a strong candidate for incorporation into a nucleic acid. Attachment of 

crown ethers to nucleic acids has been done in prior work to monitor DNA damage,35 with 

a synthetic route to conjugate crown ethers to nucleobases established, highlighting the 

viability of modifying nucleic acids with crown ethers.  

To work towards developing a nucleic acid sensing and extraction platform for 

lithium, we explore the ability of CE incorporated into nucleic acids to capture lithium. 

Specifically, the most selective CE 3d variant for lithium is attached to C5 site in C to form 

a crown-ether-cytosine (CEC) adduct (Figure 8.1). C was selected as the modification site 

since G is a strong binder for lithium. The CEC adduct is assessed to whether it can 

effectively retain lithium compared to the strongest nucleic acid binding sites  

(i.e., G(O6–N7) and the phosphate moiety). Initially, DFT calculations are performed on 

nucleobase models of lithium interacting with the CEC center or the O6–N7 site in G. 

Subsequently, the nucleobase models are extended to incorporate the complementary 

Watson-Crick-Franklin (WCF) hydrogen-bonded partner (G), forming a crown ether base 

pair (CEBP). To consider the extended nucleic acid component, part of the nucleic acid 

backbone is considered for canonical (DNA) and a select modified (peptide nucleic acid; 

PNA) nucleic acid. PNA, which is a modification that replaces the negatively charged 

phosphate backbone in DNA to a neutral peptide backbone. In fact, PNA has been found 

in previous work to push lithium from the minor groove to the major groove in PNA, 

particularly the O6 site in G. DFT calculations are performed on these models to gauge 

Li+–CE and Li+–G(O6,N7) binding strengths in a larger nucleic acid framework, and AIMD 

simulations are subsequently carried out to understand the dynamics of Li+ interactions 

with CECNBP (Figure 8.1). Finally, Our work builds upon previous DFT and ab initio 
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studies that have strived to understand lithium–solvent interactions and to improve our 

understanding of electrolyte solutions to enhance battery performance36-38 by providing 

insights into lithium interactions with nucleic acids in explicit solvent. Our findings 

highlight a novel modified nucleic acid capable of capturing lithium as a proof of principle 

for the development of a lithium sensing and extraction method. 

 
Figure 8.1. Schematic outlining the general computational workflow in the present work, 
with calculations performed on models of (a) CE, (b) CEC and G, (c) CECBP (A shows 
Li+ positioned at the crown ether center and B shows Li+ bound to G(O6–N7) and (d) 
CECBP, CECNBP, or CECPBP. DFT calculations were performed on parts (a) to (c) to 
elucidate structural and binding information, while AIMD simulations were carried out on 
part (d) for the CECNBP model to provide insights into the dynamics of these complexes. 
See Figure G.1 in Appendix G for a diagram of the nucleoside and peptide connection in 
the CECNBP and CECPBP models. 

 

8.2. Computational Methodology 

8.2.1. Model Building 

The 14-crown-ether-4 model was built using the BEGVAL crystal structure (Figure 

G.2, Appendix G) from the Cambridge Structural Database,39 with the additional OH group 
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added to yield the structure shown in Figure 8.1 to create the CE 3d variant. Models were 

constructed where Li+ was placed at the center of the 14-crown-ether, which is attached 

through an alkylamine linkage to cytosine (CEC) to mirror the synthesis of the 2′-

deoxycytidine system.40 For comparison, a model was also constructed with Li+ bound at 

the O6–N7 site of G, the most favorable nucleobase binding site.18 Subsequently, the 

nucleobase models were expanded to include the opposing Watson-Crick-Franklin 

nucleobase (G) to form a base pair (CECBP). Methyl caps at N1 of C and N9 of G were 

used in DFT calculations on nucleobase and base pair models. To mimic a broader nucleic 

acid environment, the base pair models were expanded to incorporate the deoxyribose to 

form nucleoside models (CECNBP) for canonical and peptide models (CECPBP) for 

modified nucleic acids, respectively. All nucleobase, base pair, and nucleoside and peptide 

models were built using GaussView 5. Finally, the CE modification is incorporated into an 

8-mer duplex of DNA and PNA to ensure the feasibility of including this modification in a 

nucleic acid. For comparison, additional models were constructed of unmodified DNA and 

PNA duplexes, and CE-modified DNA and PNA were built with Li+ in the CE center. The 

CE modification was incorporated into an 8-mer of a DNA and PNA duplex model using 

PyMOL (Version 3.0.3), with the PNA structure used from a crystal structure (PDB ID: 

3MBS).41 To neutralize the DNA duplex, 14 Na+ ions were added near the phosphate 

backbone to provide charge stabilization. 

 

8.2.2. DFT Calculations 

DFT calculations were initially performed in the gas phase on the  

14-crown-ether-4 model to compare to previous literature.42 Geometry optimizations were 
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carried out using MN1543 and PBE-D3(BJ)44 with def2-SVP45 and frequency calculations 

at the same level of theory confirmed all stationary points are minima (i.e., no 

negative/imaginary frequencies). Both MN15 and PBE-D3(BJ) have been identified to be 

reliable functionals for describing Li+–nucleic acid interactions.18 Single-point calculations 

were performed using MN15 and PBE-D3(BJ) with def2-TZVPP. All subsequent DFT 

calculations were carried out in implicit solvent (i.e., water) using the Integral Equation 

Formalism Polarizable Continuum Model (IEF-PCM).46 The binding energy between Li+ 

and each component was calculated as follows 

∆𝐸𝐸𝐵𝐵𝐵𝐵 =  𝐸𝐸𝐿𝐿𝐿𝐿–𝑁𝑁𝑁𝑁 −  𝐸𝐸𝐿𝐿𝐿𝐿 −  𝐸𝐸𝑁𝑁𝑁𝑁  (8.1) 

where 𝐸𝐸𝐿𝐿𝐿𝐿–𝑁𝑁𝑁𝑁 is the energy of Li+ complexed with CE, CEC, or CECBP, while 𝐸𝐸𝐿𝐿𝐿𝐿 

represents bare Li+, and 𝐸𝐸𝑁𝑁𝑁𝑁 is CE, CEC, CECBP, or CECNBP. All DFT calculations were 

carried out using Gaussian 16.47 The DNA and PNA duplex models were optimized using 

the GFN2-xTB48 semi-empirical method in implicit water using the conductor polarizable 

continuum (CPCM) model in ORCA 6.0.1.49 GFN2-xTB has been shown to provide 

accurate structural descriptions of larger molecules (~1000 atoms).48 

 

8.2.3. AIMD simulations 

The CECNBP model with Li+ was placed in a periodic cell of dimension 25.0 Å x 

21.0 Å x 14.0 Å, which contained 171 waters. Waters were randomly placed using tLEAP 

from the AMBER suite.50 To reduce computational cost, PBE-D3(BJ) was employed. The 

molecular optimized double-zeta basis set was used with core-electron Goedecker-Teter-

Hutter (GTH) pseudopotentials (DZVP-MOLOPT-GTH). The plane-wave grid cutoff was 
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set to 400 Ry and the self-consistent-field (SCF) convergence threshold was set to  

1.0 x 10−7 au with 30 SCF cycles per step. AIMD simulations in the NVT ensemble were 

performed at 310 K using the GLE thermostat. A 1.0 fs time step was employed to integrate 

the equations of motion. All simulations were carried out for 30 ps. The coordination 

number of Li+ over the course of each AIMD simulation was calculated based on a 3.0 Å 

cutoff for Li+–CEC(O) distances and Li+–G(O6–N7).51 Additionally, all distances between 

Li+ and CE or G are calculated using all data points. All AIMD simulations were carried 

out using the Quickstep engine of CP2K (Version 8.2). The visualization software used was 

PyMOL (Version 3.0.3). 

 

8.3. Results and Discussion 

8.3.1. CE Strongly Binds to Li+ in Implicit Water 

The calculated gas-phase structure of CE bound to Li+ shows 5 coordination 

distances between Li+ and the 4 central oxygens of CE and one hydroxyl oxygen (Figure 

8.2), with an average coordination distance of 2.034 Å (Table G.1, Appendix G). In 

contrast, a prior study on the same Li+–CE system identified that Li+ interacts with the four 

oxygens within the CE, while a hydroxyl proton is pointed towards Li+.42 This discrepancy 

is most likely due to different computational methodologies used, with the prior study42 

utilizing plane-wave DFT with the PBE functional and a relatively low energy cutoff, 

which have been attributed to incorrect description of electron density and bonding 

interactions,52 whereas the calculations in present work used DFT with atomic orbital basis 

sets. In the absence of Li+, the CE monomer resembles the previous study structure where 
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a hydroxyl proton is facing the 4 center oxygens (Figure G.3a, Appendix G). The calculated 

gas-phase binding strength of Li+–CE is –101.0 kcal/mol, which is 28.5 kcal/mol stronger 

than Li+ bound at the O6–N7 site in G, the strongest Li+–nucleobase interaction.18 

Since the goal in this study is to design a biosensor for detecting and capturing Li+ 

in the human body and ecosystems, a gas-phase environment is not realistic, therefore, the 

structure and binding strength of Li+–CE in implicit water is calculated. Overlay 

comparisons of gas-phase and implicit water optimized Li+–CE structures show that  

Li+–CE complexes remain largely unchanged in either environment (Figures G.3b and 

G.3c, Appendix G). The structure of the unbound CE in implicit water closely resembles 

the Li+-CE complex (Figure G.3d, Appendix G), while the gas-phase structure of unbound 

CE shows greater distortion compared to the bound Li+–CE complex (Figure G.3a, 

Appendix G), highlighting that implicit water stabilizes the CE structure. This stabilization 

is further supported by the overlay of gas-phase and implicit water structures of the 

unbound CE (Figure G.3d, Appendix G). Like the gas-phase structures, a Li+–CEC 

complex forms a 5-coordinate structure in implicit water, with Li+ interacting with the 4 

center oxygens and a hydroxyl oxygen at an average coordination distance of 2.100 Å 

(Table G.1, Appendix G). The binding strength of the Li+–CE complex is reduced 

significantly by ~6 times from gas-phase (–101.0 kcal/mol) to implicit water results  

(–18.2 kcal/mol). This reduced binding strength is supported by increased coordination 

distances between Li+ and CE (Table G.1, Appendix G), which is due to the dielectric water 

medium screening electrostatic interactions that weakens binding. Given that implicit 

solvent impacts Li+–CE interactions, all further calculations are conducted in implicit 

water. 
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Figure 8.2. DFT-optimized Li+–CE complex in implicit water. The numbering of the 
oxygen atoms shown here is consistently used throughout our analysis. 

 

8.3.2. The CE-modified Nucleobase Binds to Li+ Stronger than the most Prominent 

Canonical Nucleobase Site (G(O6–N7)) 

Using the synthetic approach outlined in previous work,40 the CE is subsequently 

incorporated into the nucleic acid through an alkylamino linkage between C5 of C and CE 

to form CEC. Like the isolated CE, Li+ forms a 5-coordinate structure at the center of the 

CE, with an average Li+–CEC distance of 2.095 Å (Figure 8.3a; Tables G.2–G.3, Appendix 

G). The binding strength of the Li+–CEC complex is slightly weaker than in the isolated 

CE by 2.1 kcal/mol. G binds to Li+ through a bidentate interaction at the O6–N7 site, where 

the Li+–O6 and Li+–N7 distances are 2.080 Å and 2.318 Å, respectively. Notably, the Li+–

CEC binding strength is ~3 times greater than Li+–G(O6–N7). These results highlight the 

potential of this novel crown ether adduct to create a Li+-selective site in a nucleic acid.  

 

8.3.3. The Opposing Nucleobase in a WCF Base Pair does not Alter the Stronger 
Binding Affinity of Li+ for CEC Compared to G 

Since there are stronger interactions between Li+ and CEC than G, we expanded our 

CEC model to include the opposing nucleobase, forming a modified base pair (CECBP). 
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CEC is well accommodated within the base pair, with no disruption in hydrogen bonding 

when CEC is paired with G compared to a canonical G:C base pair (Figure 8.3b; Tables 

G.2–G.3, Appendix G). The Li+–CEC interaction does not change from the isolated CEC 

to the CEC:G base pair, with an average Li+–CEC distance of 2.098 Å and a modest 

increase in the Li+–CEC binding strength by 0.3 kcal/mol. Like the isolated Li+–G complex, 

the bidentate interaction between Li+ and the CEC:G base pair at the O6–N7 site is 

maintained with a slightly elongated Li+–O6 distance by 0.011 Å and a shortened Li+–N7 

distance by 0.046 Å compared to isolated G. These distances are enhanced in a canonical 

G:C pair where Li+–O6 elongates by 0.034 Å and Li+–N7 shortens by 0.033 Å compared 

to the CEC:G base pair. Comparing Li+ bound at either the center of CEC or O6–N7 of G, 

we found that the binding strengths are –16.4 and –6.0 kcal/mol, respectively. Given that 

Li+–CEC interactions are greater than the strongest nucleobase site being G:C by ~3 times, 

this suggests the CE will likely be the nucleic acid site to capture Li+. 

The base pair model is further expanded to include a part of the nucleic acid 

backbone. Specifically, the CEC model is expanded to include the deoxyribose to form the 

nucleoside model (CECNBP; Figure 8.3), enabling the investigation of Li+–CEC 

interactions within a larger nucleic acid framework, which is important information for 

designing a lithium-specific sensing and extraction platform. The Li+–CE and Li+–G 

interactions remain unchanged in the presence of the sugar components (Figure 8.3), with 

slightly weaker binding strengths than the base pair models of –13.6 and –5.9 kcal/mol, 

respectively. Even when the nucleoside component is replaced with a peptide linkage to 

mimic PNA, the Li+ interactions with the CE or G remains unchanged, with binding 

strengths of –14.0 and –5.8 kcal/mol for Li+–CECNBP and Li+–CECPBP (Figure G.5, 
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Appendix G), respectively. As a result, the CE remains the strongest site to attract Li+, even 

within a larger nucleic acid framework. 

 
Figure 8.3. DFT-optimized structures in implicit water of nucleobase models with (a) Li+ 
interacting at the CE center (left) or G(O6–N7) (right), and base pair models of (b)  
Li+–CEC (left) and Li+–G(O6–N7) (right). Distances and binding energies are reported in 
angstrom (Å) and kcal/mol.  

 

8.3.4. AIMD Simulations Show that Li+ Remains Centered in the CE in Solvated 

Nucleoside Models 

The next step is to identify whether Li+ remains bound at the center of CECNBP 

through the course of the natural dynamics of the Li+–CECNBP complex in an explicitly 
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solvated environment, as well as compare this coordination to the complex with Li+ bound 

at the O6–N7 site in G. Since there are no differences in Li+ binding to the CE or  

G(O6–N7) in the extended nucleoside and peptide models, CECNBP was selected as a 

representative system. AIMD simulations were initially conducted with Li+ positioned at 

the CE center in the CECNBP. After extensive 30 ps simulations, Li+ remains bound to the 

CE center (Figure 8.4), with consistent coordination distances (average of 2.010 ± 0.131 Å 

between Li+ and the center CE oxygens) relative to the implicitly solvated Li+–CECNBP 

(Figure 8.5). However, the OH group of the CE bound to the metal seen in implicit solvent 

DFT calculations dissociated from Li+, being displaced from the opposite side by a nearby 

water molecule to form a square pyramidal geometry (Figure 8.4). For most of the 

simulation, Li+ adopts a coordination number (CN) of 5, with a square pyramidal geometry 

(Figure 8.5), while a coordination number of 6 is occasionally adopted, which featured 

simultaneous coordination of a water and an OH group attached to the CE to the Li+ center 

(Figure 8.5). The WCF base pair is maintained over the course of the simulation as 

demonstrated by consistent average hydrogen bonding distances (<2 Å; Table G.4, 

Appendix G). Overall, the structural changes between implicit and explicit solvent 

mediums for Li+ interacting with the CE center highlight the importance of simulating 

metal complexes in an explicitly solvated environment.  
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Figure 8.4. AIMD-simulated Li+–CECNBP complex showing (a) the structure of the 
dominant 5-coordinate complex and (b) the distance (Å) between each oxygen within the 
CE and Li+ as a function of frame. 

Figure 8.5. Li+ coordination number over each AIMD-simulated frame for Li+–CECNBP. 
The calculated average coordination number over each simulation is shown in the bottom 
right-hand corner. Example snapshots of Li+–CECNBP interactions from different frames 
are provided below, in addition to average coordination distances (Å) between Li+ and CE 
and average WCF hydrogen bond distances over the selected frame. 

 

Next, AIMD simulations were performed with Li+ placed at the O6–N7 site of G. 

After ~2 ps, Li+ dissociates from the O6 site of G (Figures 8.6–8.7). After 14 ps, Li+ also 

detaches from N7 (Figures 8.6–8.7). While the Li+ coordination numbers fluctuate from 3 

to 6 during the initial phase of the simulation (< 5 ps), Li+ generally maintains the average 
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coordination number of 4 with waters after Li+ dissociates from G (Figure 8.7). These 

results align with prior experimental and computational studies on Li+–nucleic acid 

interactions, which found that Li+ can bind to and dissociate from nucleic acids before 

diffusing into surrounding solvent,24,53,54 emphasizing the importance of performing 

computational simulations to capture the dynamics of these interactions. The retention of 

Li+ bound to the CE center couple Li+ dissociation from G(O6–N7) emphasizes the ability 

of crown ether adducts in nucleic acids to target Li+. 

 
Figure 8.6. AIMD-simulated Li+–CECNBP complex showing (a) the structure of the 
dominant 4-coordinate complex and (b) the distance (Å) between O6 or N7 in G and Li+ as 
a function of frame. 
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Figure 8.7. Li+ coordination number over each AIMD-simulated frame for Li+–G(O6–N7) 
in the CECNBP model. The calculated average coordination number over each simulation 
is shown in the bottom right-hand corner. Example snapshots of Li+–G(O6–N7) 
interactions in the CECNBP model from different frames are provided below, in addition 
to coordination distances (Å) between Li+ and O6–N7 and surrounding waters, and the 
average WCF hydrogen bond distances over the selected frame are provided. 

 

 

8.3.5. The CE-modified Nucleobase is Accommodated within a Duplex of Canonical 

and Modified Nucleic Acids 

To confirm whether this CE modification can be incorporated into a nucleic acid, 

this modification was introduced into an 8-mer DNA duplex and a modified nucleic acid 

(PNA), and subsequently optimized using GFN2-xTB in implicit water. The CE-modified 

DNA and PNA duplex remain intact (Figures 8.8 and G.6, Appendix G). Comparing the 

unmodified to CE-modified DNA structures yielded an RMSD of 1.101 Å, while the  

CE-modified DNA structures with and without Li+ showed a smaller RMSD of 0.303 Å 
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(Figure G.7, Appendix G). In contrast, the RMSDs are consistently small (~0.001 Å) 

regardless of CE-modification or Li+ binding in PNA (Figure G.8, Appendix G). This 

discrepancy in RMSDs between DNA (negatively charged) and PNA (neutral) may be due 

to their differences in charge, with GFN2-xTB found to have limitations in accurately 

modeling highly charge-sensitive systems.55 Nevertheless, the DNA and PNA duplexes 

remain structurally intact after optimization, demonstrating that the CE modification can 

be incorporated into either canonical or modified nucleic acids. 

 

Figure 8.8. GFN2-xTB-optimized structure of a CE-modified DNA duplex in implicit 
water. 

 

Overall, the results from this study identified that CE-modified nucleic acids are 

useful for selectively binding Li+. The information gained from this study can direct the 

design of a Li+-specific nucleic acid platform for environmental monitoring, including 

sensing and remediation of lithium in our drinking water and industrial waste. Aside from 

biosensing, CE-nucleic acid scaffolds can be useful towards developing novel therapeutics 

to treat diseases.56 For example, CEs have shown significant promise in biomedical 

applications as anticancer agents.56 Indeed, chemotherapeutics that utilize CE adducts can 

aid disruption of ion homeostasis in cancer cells or serve as a controlled-release drug 
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delivery system.56 Since CE adducts demonstrate high selectivity and stability, as found in 

our work, future studies should expand CE adduct research to explore a broader range of 

metals, diverse crown ether structures and nucleic acid environments to reach the full 

potential of CE adducts in biosensing, remediation, and pharmaceuticals. Altogether, the 

present work provides fundamental insight for engineering CE adducts to selectively bind 

Li+, with our DFT and AIMD results demonstrating how a targeted chemical modification 

can not only preserve nucleic acid structures but also introduce binding sites that capture 

Li+. 

 

8.4. Conclusions 

Overall, our results highlight the potential of incorporating CE modifications into 

nucleic acids to enhance Li+ capture capabilities. We propose a targeted modification 

(CEC) designed to selectively bind Li+, which offers a foundation for developing  

Li+-specific nucleic acid sensors. This modification is structurally stable within a base pair 

context, with comparable binding energy to a canonical GC base pair. Additionally, Li+ 

exhibits a stronger affinity for CEC than the preferred nucleobase site, G(O6–N7). 

Furthermore, in a dynamic solvated environment, Li+ remains within the CE center, but 

dissociates from G. These results underscore the potential of this modification for sensing 

and extracting Li+. Such platforms are crucial for detecting Li+ contamination in both 

environmental and biological systems. Beyond biosensing applications, a system capable 

of detecting and capturing Li+ could be used for environmental remediation efforts.  
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      Chapter 9: Conclusions and Future Directions 

9.1 Summary 

Nucleic acid sensors have proven to be an effective green-material solution for 

detecting metal contaminants. However, there are challenges developing nucleic acid 

sensors for metals. A specific nucleic acid sensor for lithium detection and extraction 

is in growing demand because of rising levels of lithium contamination in the 

environment. To design nucleic acid sensors with enhanced metal selectivity, an 

understanding of how metals interact with canonical and modified nucleic acids is 

required. This thesis uses computational techniques to uncover how to accurately 

model metal–nucleic acid interactions, while also gaining fundamental structural and 

binding information about how metals interact with canonical nucleic acids that has 

otherwise been challenging to obtain experimentally. Finally, this thesis contributed 

information on how select modified nucleic acids interact with Li+, with the goal of 

designing a lithium-specific nucleic acid sensing and extraction platform. Overall, this 

chapter provides a summary of the key conclusions from each chapter and suggests 

future research directions. 

 

9.2 Thesis Contributions 

Chapter 2 provided highly accurate energetic data on Li+–nucleic acid interactions 

using the ‘gold-standard’ CCSD(T)/CBS computational technique to uncover the 

binding energies of Li+ interacting at each binding site in the nucleobases and phosphate 

moiety. The generated data set offers fundamental insights into how Li+ interacts with 

each nucleic acid component, which were unclear prior to my work. Specifically, the 
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CCSD(T)/CBS data showed that Li+ prefers to bind to each nucleic acid component in 

the order of phosphate ≫ G > C ≫ A ∼ T = U. Among the two strongest Li+ binding 

components (i.e., the phosphate moiety and G), the 2 non-bridging oxygens in the 

phosphate moiety and the O6–N7 position of G result in the strongest interaction 

energies. The CCSD(T)/CBS data set was subsequently used as a reference to test the 

performance of 54 DFT methods in conjunction with 3 basis sets for reproducing the 

binding energies of Li+–nucleic acid interactions. The results showed that Li+–nucleic 

acid binding energies have a greater dependence on functional than basis set. 

Nevertheless, several functionals (B2-PLYP, PBE-QIDH, ωB97, ωB97X-D, MN15, 

B3PW91, B97-2, TPSS, BP86-D3(BJ), and PBE) were found to accurately describe 

Li+–nucleic acid interactions. Additionally, Chapter 2 underscores the importance of 

selecting accurate computational methods to study Li+–nucleic acid interactions, with 

many functionals demonstrating significant fluctuations in performance. Overall, the 

DFT methods identified to be reliable for describing Li+–nucleic acid interactions were 

used in subsequent chapters and can be applied to future projects to investigate Li+ 

behavior in nucleic acid systems. 

Using similar methodologies as applied in Chapter 2, an accurate database of group 

I metals (Li+, Na+, K+, Rb+, and Cs+) interacting with each nucleic acid component (A, 

C, G, T, U, and the phosphate moiety) were generated using gas-phase CCSD(T)/CBS 

binding strengths in Chapter 3. These results provided key insights into how each group 

I metal binds to nucleic acids, with the binding strengths decreasing as Li+ >> Na+ >> 

K+ > Rb+ > Cs+, which follows the well-established trend of decreasing metal binding 

affinity with increasing ionic radius. When considering the strongest binding sites in 
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each nucleic acid component, the trend in group I metal–nucleic acid binding strengths 

are phosphate moiety >> G > C >> A > T = U. Upon assessment of 61 DFT methods 

for reproducing the CCSD(T)/CBS binding strengths of group I metal–nucleic acid 

interactions, the top performing functionals are mPW2-PLYP and ωB97M-V. The 

results from this chapter highlight that functional performance is dependent on metal 

identity, emphasizing the importance of testing computational methods for reliably 

describing metal–nucleic acid interactions. Overall, information on metal interactions 

with nucleic acid binding sites as well as identifying reliable methodologies for 

investigating group I metal–nucleic acid interactions can be used towards developing 

biosensors with enhanced target-specificity, in addition to designing materials and 

therapeutics. 

Using the same methodology from Chapter 3, the systems considered were 

expanded to include group II metals (Be2+, Mg2+, Ca2+, Sr2+, and Ba2+) interacting with 

each nucleic acid component (A, C, G, T, U, and the phosphate moiety) in Chapter 4. 

This study provides for the first time a comprehensive database of gas-phase 

CCSD(T)/CBS group II metal–nucleic acid binding strengths, which have otherwise 

been elusive to gain by experimental techniques. The binding strength for group II 

metals interacting with nucleic acids follows size-to-charge ratio, decreasing as Be2+ 

>> Mg2+ >> Ca2+ > Sr2+ > Ba2+, and the strongest binding decrease as a function of the 

nucleobase as G >> C >> A >> T ~ U. The performance of 61 DFT methods was 

assessed over group I and II metal–nucleic acid interactions to identify a method that 

can robustly study metal competition effects. The results from this chapter uncovered 

the functional dependence of group II metal–nucleic acid interactions. Overall, 
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ωB97M-V is the top performing functional for exploring metal competition effects over 

group I and II metal–nucleic acid interactions, while mPW91 is a computationally 

cheaper alternative. This information on how group II metals interact with nucleic acids 

in addition to the accurate computational methods identified in this chapter can be used 

to explore how these metals compete for modified nucleic acids for future development 

of a nucleic acid sensing and extraction platform to target different metals. 

In Chapter 5, DFT models of transition and post-transition metal–nucleic acid 

complexes were used to identify reliable methods for investigating these interactions. 

Unlike main group metals, transition and post-transition metal complexes are more 

challenging to describe using computational techniques. Using crystal structure 

geometries from the Protein Data Bank (PDB) and Cambridge Structural Database 

(CSD), a dataset featuring 53 transition and post-transition (Cr3+, Mn2+, Fe2+, Co2+, 

Ni2+, Cu+/2+, Zn2+, Cd2+, Pd2+, Ag+/2+, Pt2+, Hg2+, Pb2+, Au+/3+) metal–nucleic acid 

complexes was constructed. The results from this study highlighted the importance of 

exploring the ability of DFT to describe the structures of transition and post-transition 

metal–nucleic acid complexes, revealing that 12 of the 53 crystallographic structures 

are challenging for DFT to reproduce. The ability of DFT to describe structures of 

transition and post-transition metal–nucleic acid complexes vary with metal identity. 

Among the metals studied, complexes containing Cu were the most challenging to 

accurately describe across many functionals. Nevertheless, the top methods for 

describing transition and post-transition metal–nucleic acid complexes are ωB97M-V, 

ωB97X-D3(BJ), and MN15. Overall, ωB97M-V emerges as the most robust method for 

accurately describing a broad range of metals (i.e., groups I and II, transition and post-
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transition metals) across Chapters 2–5. This result highlights the reliability of  

ωB97M-V to be applied as a unified computational approach in future studies on these 

different metals that may necessitate a single reliable functional, especially for studies 

involving the development of a nucleic acid sensing and extraction platform. Although 

ωB97M-V offers the highest accuracy for describing these interactions, it is 

computationally more expensive for more demanding calculations like AIMD 

simulations. Therefore, a practical alternative functional that offers a compromise 

between computational cost and accuracy for exploring a broad range of metals (i.e., 

groups I and II, transition and post-transition metals) interacting with nucleic acids in 

more expensive calculations is MN15-L.  

While thesis chapters 2–5 have focused on identifying reliable computational 

methods to investigate metal–nucleic acid interactions. Chapter 6 shifts to applying 

these methods to further explore Li+ binding to nucleic acids for developing sensing 

and extraction platforms. In Chapter 6, an accurate DFT method and basis set 

combination (MN15/aug-cc-pVTZ) identified in Chapter 2 was used to investigate the 

impact of solvent on Li+–nucleic acid interactions using implicitly and explicitly 

solvated models. This chapter revealed that increasing the solvent polarity from gas 

phase to water alters Li+ coordination with the nucleic acid component from bidentate 

to monodentate and decreases the magnitude of Li+–nucleic acid binding strengths. The 

inclusion of explicit solvent further alters Li+ binding to nucleic acids in the gas phase, 

with Li+ coordination to the nucleic acid component changing from bidentate to 

monodentate upon addition of 3 Li+-bound waters.  
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The displacement of an Li+-coordinated water by a nucleic acid component is 

feasible in the gas phase regardless of the number of inner-shell waters. In contrast, 

such displacement is only feasible when 2 or more inner-shell waters are present, 

suggesting that at lower hydration numbers, the nucleic acid can bind to Li+ without 

displacing waters. Additionally, implicit and explicit solvent significantly influence the 

trends in Li+ binding energies to the preferred nucleic acid sites. Specifically, Li+ binds 

most strongly to C due to additional hydrogen bonding between Li+-bound waters and 

C, with the new binding strengths decreasing as a function of nucleobase as  

C > G > T ~ U > A. In contrast, the gas-phase binding strengths decrease as G > C >> 

A > T = U, underscoring how solvent can influence Li+–nucleic acid interactions. 

However, when explicitly hydrated Li+ coordination to the nucleobase can become 

restricted in the presence of the opposing WCF base pair. Since the binding sites in the 

WCF are blocked by the complementary opposing nucleobase, there is a loss of 

preference for Li+ binding to C over G. Nevertheless, within the context of WCF base 

pairs, the binding strengths as a function of nucleobase are decreasing as G > C > A > 

T ~ U. Overall, the information gained in this study demonstrates the importance of 

understanding how solvent can modulate Li+–nucleic acid interactions, with the binding 

preferences of Li+ for nucleobase sites altered in a solvated environment. These details 

assist in our understanding of Li+ behavior in biological systems and has practical 

implications for developing biosensing and extraction technologies for Li+.  

Chapter 7 used MD simulations to understand how a chemically modified nucleic 

acid (PNA) interacts with Li+ and Na+ compared to DNA. This chapter showed that 

modifying the sugar-backbone from DNA to PNA manipulates the position of where 
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Li+ and Na+ binding occurs in the nucleic acid duplex. Although metal binding is nearly 

equivalent in the major and minor grooves of DNA, metal binding is shifted from the 

minor groove to favor the major groove in PNA. Among binding sites in the major 

groove of PNA, Na+ binding is distributed across G(O6), G(N7), and T(O4), while Li+ 

binding is pushed towards the O6 site in G. The behavior of Li+ and Na+ binding to 

PNA is unaffected by changing the salt concentration (up to 750 mM). Additionally, the 

PNA structure is less susceptible to deviations in the presence of Li+ compared to Na+, 

regardless of salt concentration. Flipping the sequence from GC- to AT-rich 

demonstrated that metal binding to PNA is sequence-dependent, with GC-rich 

sequences of PNA showing greater preference for binding Li+. Overall, these results 

highlight how PNA is a step in the right direction towards creating a Li+-specific sensing 

and extraction platform.  

While Chapter 7 explored how chemically modifying the backbone of nucleic acids 

influence metal binding, Chapter 8 is focused on understanding how introducing a 

nucleobase modification alters metal binding further. In particular, crown ethers (CE) 

are well-established for selectively binding alkali metals, and a Li+-specific crown ether 

variant has been designed1 that can be incorporated into nucleic acids. Specifically, a 

previously published synthetic protocol successfully conjugated a crown ether to N4 of 

C,2 with crown ethers as well-established Li+ binding motifs.1,3 Using the strongest Li+ 

binding crown-ether candidate identified in previous work,1 DFT and AIMD 

simulations were performed to uncover the structures, binding strengths, and dynamics 

of Li+ binding to crown-ether-modified C (CEC). The results from this study 

demonstrate that the structure of Li+ bound to CE is stable in a nucleobase and a base-
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pair model. Additionally, Li+ has a stronger binding affinity for CEC than the strongest 

nucleic acid site in the G:C pair, namely G(O6). In a solvated and dynamic environment, 

Li+ remains bound to CEC, while Li+ dissociates from G(O6), suggesting that CEC is 

a promising modification for capturing Li+. Overall, this chapter presents a nucleobase 

modification that can target Li+, and when incorporated into a nucleic acid, this 

modified nucleic acid can be used to develop a sensing and extraction platform that 

could be extended to cellular environments. 

 

9.3 Future Directions 

The computational methodologies identified in this thesis to accurately model 

metal–nucleic acid interactions can be applied to investigate the roles of different metals 

in biology, and support the development of new materials, biotechnologies, and 

therapeutics. Despite numerous studies carried out on exploring how metals behave in 

biological systems, the interactions of metals in diverse biological networks are not 

fully understood.4 For example, alkali and alkaline earth metals are utilized by 

ribozymes to facilitate the catalytic cleavage of introns during gene splicing.5 While 

there have been many studies aiming to uncover the chemistry of ribozymes, the precise 

role of metals in ribozyme catalysis remains poorly understood. As a specific example, 

Mg2+ is a known co-factor in the GlmS ribozyme; however, how Mg2+ facilitates 

catalysis is not well understood.5 The computational methods outlined in my thesis can 

be used towards studying the chemistry and roles of metals and metal competition in 

ribozyme-catalyzed intron splicing. Additionally, understanding the chemistry of 

ribozymes can aid development of future therapeutics. In material applications, these 
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methods can be used towards improving metal binding specificity in DNA  

nanowires.6-8 Improving metal binding specificity is crucial for increasing the structural 

stability of DNA nanowires, which is key to DNA nanowire performance in electronics, 

biomedical technologies such as drug delivery, and energy storage.6-8 For example, Ag+ 

can bind to C or G in DNA duplexes, which can form C-Ag-C or G-Ag-G pairs that 

cause different structural variations in DNA, effectively tuning the functionality of 

DNA nanowires.8 In therapeutics, these methods can be used to explore different metal 

binding modes to nucleic acids and this information can be applied to develop more 

stable and potent anticancer drugs.9 For example, cisplatin is a well-known therapeutic 

for treating cancers, which binds irreversibly to DNA through 1,2-intrastrand crosslinks 

between cisplatin and DNA.10 However, cisplatin can be harmful to the body due to 

targeting healthy cells. Ruthenium complexes have been found to be alternative 

therapeutics, which have excellent selectivity and reduced toxicity compared to 

cisplatin.11 This improvement in therapeutic performance is due to reversible binding 

between ruthenium complexes and DNA by intercalation, emphasizing the value of 

computational studies of these systems. Overall, the studies carried out in this thesis 

provide important guidelines for exploring metal–nucleic acid interactions using 

computational modeling.  

This thesis also provides a foundation for future work on rationally designing 

nucleic acid sensing and extraction platforms to capture metal contaminants using 

computational modeling. A proposal for constructing a Li+-specific nucleic acid 

platform involves combining the sugar–backbone modification from Chapter 7 (PNA) 

and the nucleobase modification from Chapter 8 (crown ether). This approach will 
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enable the generation of a nucleic acid platform that can manipulate Li+ binding to the 

major groove, and subsequently, the crown ether modification can capture Li+. 

Individually, crown ethers are toxic to cells, causing paralysis, tremors, and 

neurobehavioral symptoms (e.g., aggression) in mammals.12 Incorporating crown 

ethers into a nucleic acid scaffold can improve the functionality of crown ethers and 

may also reduce their toxicity in biosystems.12 In fact, there has been research 

demonstrating that linking crown ethers to DNA can enhance antitumor activity.12 Since 

nucleic acids are biocompatible and stable in biofluids,13 with PNA offering enhanced 

resistance to enzymatic degradation,14 these biomolecules are excellent candidates for 

developing a reliable and safe sensing platform. Incorporating a Li+-specific crown 

ether into a nucleic acid could also be beneficial for increasing the stability of a sensing 

and extraction platform for the environment, while also ensuring biosafety. Extending 

this strategy into PNA could provide an enhanced sensing and capturing approach for 

Li+ in the environment and in cells. Chapter 8 demonstrates that crown ethers can be 

successfully incorporated into duplex structures of canonical (DNA) and modified 

(PNA) nucleic acids (Figure 9.1). Ideally, a nucleic acid sensing and extraction platform 

could be developed to provide a rapid response in real-time, with a successful example 

shown for a miniature device that detects Cd2+ using an aptamer combined with an 

exonuclease.13   
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Figure 9.1. Optimized duplex structures of DNA (left) and PNA (right) with the Li+-
specific crown ether incorporated into C. 

 

The next step in developing a Li+-specific nucleic acid platform is to design a 

sensing component that emits a response upon capturing Li+. An attractive approach for 

sensing metals in a crown ether is using fluorescence-based detection.15,16 In fact, crown 

ethers can be chemically modified to emit a fluorescence signal upon binding a metal.15 

For example, crown ether derivatives containing benzoxazolyl-alanines have been 

shown to capture Cu2+, Pd2+, Hg2+, and Fe3+, while emitting a fluorescent signal.15 

Fluorescent probes have proven to be highly effective in a medical setting for detecting 

conditions such as epilepsy, Parkinson’s disease, and glioma.17 As a specific example, 

a DNAzyme-based sensor emits a fluorescent response in the presence of Vibrio 

cholerae, which is the bacterium that causes cholera.18 Altogether, developing a 

chemically modified crown ether that maintains Li+ specificity while also providing a 

fluorescent response upon Li+ capture would provide a functional nucleic acid sensing 

platform for targeting Li+. This approach could also be utilized to create a Li+ extraction 

platform by incorporating multiple crown ether modifications into nucleic acid strands. 
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Beyond Li+, the information gained in this thesis has provided structural and 

binding details of other metals interacting with nucleic acids, which can be used to 

explore the impact of introducing chemical modifications aimed to selectively bind 

other metals. There are different chemical modifications that can be incorporated into 

nucleic acids to tune metal binding specificity. For example, phosphorothioate 

modifications have proven successful for targeting soft metals such as Cd2+,19 

suggesting that soft donor groups (e.g., S2- and Se2-) could be introduced into 

nucleobases as a next step toward enhancing Cd2+ specificity or targeting other soft 

metals such as Cu+ and Ag+. For capturing group I metals beyond Li+, the cavity size 

of crown ethers can be adjusted to accommodate larger group I metals. For example, 

the 18-crown-6 is known to prefer binding to K+ over other group I metals.20 Further 

modifications can be done to crown ethers to tune metal selectivity. Notably, chemically 

modifying the 18-crown-6 into dibenzo-18-crown-6 creates a crown ether variant that 

specifically binds to Sr2+.21 There are numerous other chemical modifications that can 

be added to nucleic acids that can be explored for binding metals such as ammonium, 

guanidinium, and imidazole groups.22 Additional studies can investigate other ligand-

attachments to DNA such as phenanthroline or terpyridine to chelate metals.23 

Alternatively, metal-mediated base pairing with modified nucleobases to capture metals 

can be explored.24 Overall, expanding the range of chemical modifications will permit 

tuning metal-specificity for developing nucleic acid sensing and extraction platforms 

to target other metals.  
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9.4 Final Remarks  

In summary, this thesis used multiple computational approaches (Ab Initio, DFT, 

MD, and AIMD) to investigate how metals interact with nucleic acids. The early 

chapters addressed gaps in the literature on how different metals interact with nucleic 

acids as well as identified reliable computational methods for describing these 

interactions. Additionally, the role of solvent on Li+–nucleic acid interactions was 

uncovered, which was unclear prior to my thesis work. The later chapters of this thesis 

explored modifications that can enhance Li+–nucleic acid binding, contributing 

fundamental information for the rational design of a nucleic acid sensor with high Li+ 

specificity. Aside from biosensing applications, this thesis provides valuable insights 

into metal–nucleic acid interactions that can aid advancements in developing enhanced 

pharmaceuticals, gene therapies, and materials. 
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Supplementary Information for Chapter 2: An Assessment of the Accuracy of 

DFT Predicted Li+–Nucleic Acid Binding Energies 
Contains Tables A.1–A.13 and Figures A.1–A.22 
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Table A.1. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or basis sets (%) for Li+–nucleobases and Li+–phosphate DFT binding energies without counterpoise 
corrections.a,b  

   6-311+G(3df,2p)  aug-cc-pVTZ  def2-TZVPP    
   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 

Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-
Hybrid 

B2-PLYP  2.49 0.92 2.22  2.80 0.59 2.43  2.94 1.74 2.74  2.74 1.08 2.46 

 B2-PLYP-D3  4.15 1.77 3.75  4.46 1.44 3.96  4.60 2.60 4.27  4.40 1.94 3.99 
 mPW2-PLYP  4.35 1.78 3.92  4.67 1.45 4.13  4.87 2.63 4.50  4.63 1.95 4.18 
 PBE-QIDH  1.92 1.43 1.84  2.06 1.06 1.89  1.82 1.88 1.83  1.93 1.46 1.85 
 PBE0-DH  2.87 1.86 2.71  3.23 1.57 2.95  3.07 2.35 2.95  3.06 1.93 2.87 
 revDSD-

PBEP86-D3 
 – – –  – – –  2.11 1.86 2.07  – – – 

RSH M11  4.58 2.28 4.20  4.60 2.08 4.18  4.92 2.37 4.49  4.70 2.25 4.29 
 MN12-SX  2.69 0.57 2.34  2.96 0.56 2.56  2.49 1.10 2.26  2.72 0.74 2.39 
 MN12-SX-D3  3.09 0.98 2.74  3.41 0.97 3.00  2.89 1.52 2.66  3.13 1.16 2.80 

RSH meta-
GGA 

ωB97M-V  2.35 0.93 2.12  2.71 0.66 2.37  3.08 1.94 2.89  2.72 1.18 2.46 

RSH GGA ωB97  1.14 0.27 1.00  1.54 0.32 1.34  1.20 0.41 1.07  1.29 0.33 1.13 
 ωB97X  2.05 1.17 1.91  1.46 1.29 1.43  1.69 0.47 1.49  1.73 0.98 1.61 
 ωB97X-D  1.04 1.08 1.04  0.83 1.20 0.89  0.83 0.44 0.76  0.90 0.91 0.90 
 ωB97X-V  2.07 0.94 1.88  2.51 0.65 2.20  2.52 1.72 2.39  2.37 1.10 2.16 
 HSE06  3.34 1.50 3.04  3.79 1.28 3.37  3.65 2.12 3.39  3.59 1.64 3.27 
 HSE06-D3  4.92 2.25 4.48  5.40 2.03 4.84  5.26 2.87 4.86  5.20 2.38 4.73 
 LC-PBE  5.61 3.34 5.23  6.03 3.12 5.55  5.29 3.55 5.00  5.65 3.34 5.26 
 LC-ωPBE  2.86 1.77 2.68  3.35 1.56 3.05  2.89 2.25 2.78  3.03 1.86 2.84 
 LC-ωPBE-XDM  – – –  4.51 3.14 4.28  3.45 2.51 3.29  2.65 1.88 2.52 
 LC-ωPBE-D3  4.84 2.74 4.49  5.34 2.52 4.87  4.88 3.21 4.60  5.02 2.82 4.65 
 CAM-B3LYP  6.58 2.66 5.93  7.13 2.48 6.35  6.97 3.42 6.38  6.89 2.85 6.22 
 CAM-B3LYP-D3  8.41 3.52 7.59  8.95 3.35 8.02  8.79 4.29 8.04  8.72 3.72 7.88 

GH meta-
GGA 

M06  1.82 1.00 1.68  1.83 0.81 1.66  1.63 0.01 1.36  1.76 0.61 1.57 

 M06-2X  3.30 2.40 3.15  4.03 2.01 3.70  3.95 2.72 3.74  3.76 2.38 3.53 
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 M06-HF  8.07 5.84 7.70  8.44 5.33 7.92  8.44 5.49 7.95  8.31 5.56 7.85 
 MN15  1.76 0.55 1.55  2.13 0.55 1.86  1.42 0.89 1.33  1.77 0.66 1.58 
 BMK  2.09 0.31 1.79  2.03 0.47 1.77  1.75 0.15 1.48  1.96 0.31 1.68 

GH GGA BH&HLYP  7.15 3.45 6.53  7.67 3.27 6.94  7.50 3.97 6.91  7.44 3.56 6.79 
 SOGGA11-X  3.58 1.48 3.23  4.32 1.51 3.85  3.93 2.18 3.64  3.94 1.73 3.57 
 B3PW91  1.72 0.20 1.47  2.05 0.01 1.71  1.82 0.78 1.65  1.86 0.33 1.61 
 B3PW91-D3  3.57 1.84 3.28  4.14 1.65 3.73  3.89 2.41 3.65  3.87 1.97 3.55 
 PBE0  4.16 1.57 3.73  4.60 1.35 4.05  4.61 2.23 4.22  4.46 1.72 4.00 
 PBE0-D3  5.41 2.36 4.90  5.89 2.15 5.26  5.90 3.03 5.42  5.73 2.51 5.19 
 B3LYP  4.04 1.24 3.57  4.62 1.07 4.03  4.56 2.08 4.14  4.41 1.46 3.92 
 B3LYP-D3  7.17 2.83 6.45  7.75 2.66 6.90  7.69 3.66 7.02  7.54 3.05 6.79 
 X3LYP  5.36 1.81 4.77  5.93 1.63 5.22  5.92 2.69 5.38  5.74 2.04 5.12 
 X3LYP-D3  8.94 3.79 8.08  9.50 3.61 8.52  9.49 4.67 8.69  9.31 4.02 8.43 
 O3LYP  2.19 0.48 1.90  2.49 0.22 2.12  2.60 1.77 2.46  2.43 0.83 2.16 
 O3LYP-D3  5.79 3.11 5.34  6.36 2.85 5.77  6.96 4.40 6.53  6.37 3.45 5.88 
 B97-2  1.51 0.04 1.27  1.80 0.14 1.53  1.67 0.78 1.52  1.66 0.32 1.44 

Local meta-
GGA 

TPSS  2.12 0.50 1.85  2.48 0.25 2.11  2.65 1.36 2.43  2.42 0.70 2.13 

 TPSS-D3  4.31 1.61 3.86  4.77 1.36 4.20  4.93 2.47 4.52  4.67 1.81 4.19 
 M06-L  2.53 1.31 2.33  2.07 1.45 1.97  1.91 0.69 1.70  2.17 1.15 2.00 
 M11-L  1.94 0.12 1.64  1.71 0.35 1.48  2.23 0.27 1.91  1.96 0.25 1.68 
 MN12-L  3.00 0.67 2.61  3.33 0.78 2.90  2.72 1.16 2.46  3.01 0.87 2.66 
 MN15-L  2.21 0.96 2.00  1.30 0.98 1.25  0.98 0.33 0.87  1.50 0.75 1.37 

Local GGA mPW91  2.74 1.17 2.48  3.06 0.97 2.71  2.88 1.81 2.70  2.89 1.31 2.63 
 BLYP  2.45 0.39 2.10  2.78 0.55 2.41  2.85 0.80 2.51  2.69 0.58 2.34 
 BLYP-D3  5.84 1.50 5.12  6.50 1.33 5.64  6.59 2.69 5.94  6.31 1.84 5.56 
 BP86  2.35 1.67 2.23  1.83 1.85 1.84  1.90 0.85 1.72  2.03 1.46 1.93 
 BP86-D3  1.62 0.00 1.35  1.85 0.19 1.57  1.63 0.81 1.49  1.70 0.33 1.47 
 PBE  2.33 0.04 1.95  2.42 0.18 2.05  2.33 1.11 2.13  2.36 0.45 2.04 
 PBE-D3  3.30 0.85 2.89  3.89 0.63 3.35  3.95 1.92 3.61  3.71 1.13 3.28 

Local LDA SVWN5  6.92 2.52 6.19  7.27 2.23 6.43  7.14 3.28 6.50  7.11 2.68 6.37 
AMPE   3.70 1.56 3.35  4.00 1.43 3.57  3.91 2.05 3.59  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
b) revDSD-PBEP86-D3 is excluded from the reported average. 
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Table A.2. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or basis sets (kcal/mol) for Li+–nucleobase and 
Li+–phosphate DFT binding energies without counterpoise corrections.a,b 

   6-311+G(3df,2p)  aug-cc-pVTZ  def2-TZVPP    
   Nucleobases PO4–  Nucleobases PO4–  Nucleobases PO4–  AMUE ARMSE 

Family Functional  MUE RMSE UE  MUE RMSE UE  MUE RMSE UE  Nucleobases PO4– Base 
Double-
Hybrid 

B2-PLYP  1.41 1.54 1.50  1.58 1.70 0.96  1.68 1.73 2.85  1.55 1.77 1.66 

 B2-PLYP-
D3 

 2.35 2.40 2.90  2.52 2.57 2.36  2.62 2.64 4.25  2.50 3.17 2.54 

 mPW2-
PLYP 

 2.48 2.57 2.90  2.66 2.73 2.37  2.80 2.84 4.30  2.65 3.19 2.71 

 PBE-QIDH  1.13 1.21 2.34  1.21 1.31 1.73  1.10 1.23 3.08  1.15 2.38 1.25 
 PBE0-DH  1.70 1.90 3.04  1.90 2.10 2.58  1.83 2.01 3.85  1.81 3.16 2.00 
 rev-DSD-

PBEP86-D3 
 – – –  – – –  1.23 1.55 3.04  – – – 

RSH M11  2.72 2.96 3.74  2.72 2.94 3.41  2.92 3.15 3.87  2.79 3.67 3.02 
 MN12-SX  1.48 1.56 0.93  1.65 1.79 0.91  1.40 1.47 1.80  1.51 1.21 1.61 
 MN12-SX-

D3 
 1.74 1.91 1.61  1.93 2.19 1.59  1.66 1.85 2.49  1.78 1.90 1.98 

RSH 
meta-
GGA 

ωB97M-V  1.36 1.43 1.53  1.56 1.63 1.07  1.79 1.84 3.17  1.57 1.92 1.63 

RSH 
GGA 

ωB97  0.63 0.70 0.44  0.88 0.88 0.52  0.69 0.72 0.67  0.73 0.54 0.77 

 ωB97X  1.15 1.52 1.92  0.82 1.29 2.11  0.93 1.30 0.78  0.97 1.60 1.37 
 ωB97X-D  0.57 0.82 1.77  0.47 0.62 1.97  0.47 0.63 0.71  0.50 1.48 0.69 
 ωB97X-V  1.23 1.33 1.54  1.48 1.57 1.07  1.49 1.58 2.81  1.40 1.81 1.49 
 HSE06  1.96 2.19 2.46  2.21 2.43 2.10  2.14 2.35 3.48  2.10 2.68 2.32 
 HSE06-D3  2.85 2.99 3.68  3.12 3.25 3.32  3.06 3.18 4.70  3.01 3.90 3.14 
 LC-PBE  3.39 3.71 5.46  3.62 3.92 5.11  3.21 3.56 5.81  3.40 5.46 3.73 
 LC-ωPBE  1.74 1.97 2.90  2.02 2.22 2.55  1.77 2.01 3.69  1.84 3.05 2.07 
 LC-ωPBE-

XDM 
 – – –  2.64 2.92 5.13  2.10 2.30 4.11  2.37 4.62 2.61 
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 LC-ωPBE-
D3 

 2.87 2.98 4.47  3.14 3.24 4.12  2.89 3.01 5.26  2.97 4.62 3.08 

 CAM-
B3LYP 

 3.80 3.91 4.34  4.11 4.21 4.06  4.03 4.12 5.60  3.98 4.67 4.08 

 CAM-
B3LYP-D3 

 4.83 4.90 5.76  5.14 5.20 5.48  5.06 5.12 7.02  5.01 6.09 5.07 

GH 
meta-
GGA 

M06  0.97 1.46 1.63  0.97 1.22 1.32  0.87 1.24 0.02  0.94 0.99 1.31 

 M06-2X  1.91 1.97 3.93  2.33 2.40 3.29  2.29 2.34 4.45  2.18 3.89 2.24 
 M06-HF  4.71 4.78 9.55  4.91 4.96 8.72  4.91 4.98 8.99  4.84 9.09 4.91 
 MN15  0.99 1.08 0.90  1.21 1.22 0.89  0.80 0.91 1.46  1.00 1.08 1.07 
 BMK  1.18 1.70 0.51  1.08 1.44 0.77  0.97 1.46 0.24  1.08 0.51 1.53 

GH 
GGA 

BH&HLYP  4.13 4.26 5.64  4.43 4.56 5.34  4.34 4.46 6.49  4.30 5.82 4.43 

 SOGGA11-
X 

 2.05 2.18 2.43  2.47 2.56 2.47  2.27 2.35 3.57  2.26 2.82 2.36 

 B3PW91  0.93 1.07 0.33  1.12 1.17 0.02  1.00 1.06 1.28  1.02 0.54 1.10 
 B3PW91-

D3 
 2.05 2.19 3.00  2.37 2.49 2.69  2.24 2.35 3.95  2.22 3.22 2.34 

 PBE0  2.57 3.25 2.56  2.81 3.39 2.21  2.86 3.55 3.66  2.75 2.81 3.40 
 PBE0-D3  3.21 3.51 3.87  3.47 3.71 3.51  3.51 3.82 4.96  3.40 4.11 3.68 
 B3LYP  2.30 2.52 2.03  2.63 2.82 1.75  2.61 2.76 3.40  2.51 2.39 2.70 
 B3LYP-D3  4.07 4.14 4.63  4.40 4.46 4.35  4.38 4.42 5.99  4.28 4.99 4.34 
 X3LYP  3.06 3.22 2.96  3.39 3.53 2.67  3.39 3.51 4.40  3.28 3.34 3.42 
 X3LYP-D3  5.10 5.14 6.19  5.42 5.46 5.90  5.43 5.46 7.63  5.31 6.58 5.35 
 O3LYP  1.19 1.27 0.79  1.38 1.49 0.36  1.49 1.68 2.90  1.35 1.35 1.48 
 O3LYP-D3  3.30 3.35 5.08  3.62 3.66 4.66  3.99 4.01 7.20  3.64 5.65 3.67 
 B97-2  0.79 1.03 0.07  0.97 1.07 0.23  0.91 0.98 1.28  0.89 0.53 1.03 

Local 
meta-
GGA 

TPSS  1.20 1.36 0.82  1.41 1.58 0.40  1.51 1.64 2.23  1.38 1.15 1.53 

 TPSS-D3  2.44 2.51 2.64  2.70 2.75 2.22  2.80 2.84 4.05  2.65 2.97 2.70 
 M06-L  1.45 2.01 2.15  1.14 1.59 2.38  1.06 1.70 1.13  1.22 1.88 1.77 
 M11-L  1.04 1.32 0.20  0.87 1.11 0.57  1.27 1.71 0.44  1.06 0.40 1.38 
 MN12-L  1.71 1.77 1.09  1.94 2.12 1.28  1.58 1.64 1.89  1.74 1.42 1.84 
 MN15-L  1.25 1.49 1.57  0.74 1.10 1.60  0.53 0.75 0.54  0.84 1.23 1.11 
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Local 
GGA 

mPW91  1.58 1.65 1.91  1.77 1.91 1.58  1.68 1.83 2.96  1.68 2.15 1.80 

 BLYP  1.32 1.59 0.63  1.53 1.87 0.90  1.58 1.84 1.32  1.47 0.95 1.77 
 BLYP-D3  3.25 3.37 2.45  3.63 3.73 2.18  3.69 3.76 4.40  3.52 3.01 3.62 
 BP86  1.36 1.73 2.73  1.06 1.46 3.03  1.09 1.46 1.39  1.17 2.38 1.55 
 BP86-D3  0.88 0.99 0.01  1.00 1.24 0.30  0.90 1.09 1.33  0.93 0.55 1.11 
 PBE  1.31 1.43 0.07  1.34 1.49 0.29  1.32 1.48 1.82  1.33 0.73 1.47 
 PBE-D3  1.88 2.06 1.39  2.21 2.36 1.02  2.26 2.38 3.14  2.12 1.85 2.27 

Local 
LDA 

SVWN5  4.08 4.47 4.12  4.27 4.63 3.64  4.21 4.57 5.37  4.19 4.38 4.56 

AMUE   2.13 – 2.56  2.30 – 2.40  2.25 – 3.36  – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
b) revDSD-PBEP86-D3 is excluded from the reported average. 
 

 

Table A.3. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or Dunning basis sets (kcal/mol) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding 
energies.a  

   aug-cc-pVDZ  aug-cc-pVTZ  aug-cc-pVQZ    

   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 
Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-
Hybrid B2-PLYP  0.76 1.20 0.84  2.32 0.33 1.99  2.82 0.81 2.48  1.97 0.78 1.77 

 B2-PLYP-D3  2.36 0.34 2.03  3.99 1.19 3.52  4.48 1.67 4.02  3.61 1.07 3.19 
 mPW2-PLYP  2.55 0.31 2.18  4.19 1.2 3.69  4.67 1.67 4.17  3.81 1.06 3.35 
 PBE-QIDH  0.49 0.68 0.53  1.85 0.83 1.68  2.27 1.32 2.11  1.54 0.94 1.44 
 PBE0-DH  1.54 0.00 1.29  2.96 1.41 2.70  3.41 1.86 3.15  2.64 1.09 2.38 

RSH M11  3.97 0.69 3.42  4.02 1.80 3.65  4.89 2.11 4.43  4.29 1.53 3.83 
 MN12-SX  1.33 0.98 1.27  2.65 0.32 2.26  2.71 0.71 2.38  2.23 0.67 1.97 
 MN12-SX-D3  1.71 0.56 1.52  3.05 0.74 2.66  2.86 1.13 2.57  2.54 0.81 2.25 

RSH meta-
GGA 

ωB97M-V  6.11 0.52 5.18  2.60 0.76 2.29  2.49 0.62 2.18  3.73 0.63 3.22 

RSH GGA ωB97  1.28 1.72 1.35  1.29 0.51 1.16  1.53 0.11 1.30  1.37 0.78 1.27 
 ωB97X  3.25 2.65 3.15  1.70 1.39 1.65  1.42 0.94 1.34  2.12 1.66 2.05 
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 ωB97X-D  2.15 2.59 2.22  0.85 1.30 0.93  0.94 0.83 0.92  1.31 1.57 1.36 
 ωB97X-V  0.82 0.53 0.77  2.31 0.69 2.04  2.46 0.71 2.17  1.86 0.64 1.66 
 HSE06  2.12 0.24 1.81  3.44 1.11 3.05  3.91 1.52 3.52  3.16 0.96 2.79 
 HSE06-D3  3.52 0.51 3.02  5.05 1.86 4.52  5.53 2.27 4.98  4.70 1.54 4.17 
 LC-PBE  3.85 1.54 3.46  5.49 2.88 5.05  6.04 3.36 5.60  5.13 2.59 4.70 
 LC-ωPBE  1.39 0.01 1.16  2.73 1.29 2.49  3.25 1.73 2.99  2.45 1.01 2.21 
 LC-ωPBE-

XDM 
 2.06 0.01 1.72  3.86 3.14 3.50  – – –  2.96 1.58 2.61 

 LC-ωPBE-D3  3.17 0.95 2.80  4.72 2.25 4.31  5.23 2.69 4.81  4.38 1.97 3.97 
 CAM-B3LYP  4.97 0.88 4.28  6.58 2.24 5.86  7.05 2.67 6.32  6.20 1.93 5.49 
 CAM-B3LYP-

D3 
 6.79 1.74 5.95  8.41 3.11 7.52  8.88 3.54 7.99  8.03 2.80 7.15 

GH meta-
GGA 

M06  2.43 2.22 2.40  1.75 0.94 1.62  1.78 0.20 1.52  1.99 1.12 1.84 

 M06-2X  2.04 0.88 1.85  3.65 1.84 3.35  4.50 2.46 4.16  3.40 1.73 3.12 
 M06-HF  6.61 3.74 6.13  7.32 4.56 6.86  8.48 5.16 7.92  7.47 4.49 6.97 
 MN15  1.22 1.10 1.20  1.8 0.17 1.53  2.03 0.58 1.79  2.39 0.62 2.09 
 BMK  3.43 1.74 3.15  2.05 0.57 1.80  1.93 0.01 1.61  1.80 0.77 1.60 

GH GGA BH&HLYP  5.77 1.81 5.11  7.36 3.11 6.65  7.78 3.51 7.07  6.97 2.81 6.28 
 SOGGA11-X  1.88 0.02 1.57  3.94 1.38 3.51  4.04 1.72 3.65  3.29 1.04 2.91 
 B3PW91  1.11 1.52 1.18  1.87 0.15 1.58  2.24 0.29 1.92  1.74 0.65 1.56 
 B3PW91-D3  2.19 0.12 1.84  3.83 1.49 3.44  4.32 1.92 3.92  3.45 1.18 3.07 
 PBE0  1.95 0.18 1.66  4.25 1.19 3.74  3.82 1.61 3.45  3.34 0.99 2.95 
 PBE0-D3  3.34 0.61 2.88  5.49 1.98 4.91  5.47 2.40 4.96  4.77 1.66 4.25 
 B3LYP  2.52 0.54 2.19  4.14 0.85 3.59  4.60 1.27 4.04  3.75 0.89 3.27 
 B3LYP-D3  5.65 1.05 4.88  7.27 2.43 6.46  7.73 2.86 6.91  6.88 2.11 6.08 
 X3LYP  3.80 0.01 3.17  5.42 1.40 4.75  5.87 1.82 5.20  5.03 1.08 4.37 
 X3LYP-D3  7.37 1.99 6.48  8.99 3.38 8.06  8.75 3.56 7.88  8.37 2.98 7.47 
 O3LYP  0.99 1.46 1.07  2.17 0.06 1.81  2.49 0.34 2.13  1.88 0.62 1.67 
 O3LYP-D3  4.06 1.17 3.57  5.74 2.57 5.21  6.16 2.96 5.62  5.32 2.23 4.80 
 B97-2  1.44 1.64 1.47  1.63 0.29 1.41  1.97 0.12 1.66  1.68 0.68 1.51 

Local meta-
GGA 

TPSS  0.97 1.34 1.03  2.19 0.08 1.84  2.69 0.51 2.33  1.95 0.64 1.73 

 TPSS-D3  2.31 0.45 2.00  4.47 1.19 3.93  4.98 1.62 4.42  3.92 1.09 3.45 
 M06-L  3.80 2.43 3.57  2.09 1.60 2.01  1.86 0.87 1.63  2.56 1.63 2.40 
 M11-L  3.60 1.87 3.31  2.05 0.60 1.81  3.98 0.10 3.33  3.23 0.86 2.84 
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 MN12-L  1.48 0.89 1.38  2.95 0.45 2.53  2.95 0.81 2.60  2.46 0.72 2.17 
 MN15-L  3.58 2.23 3.36  1.64 1.22 1.57  1.49 0.88 1.39  2.24 1.44 2.11 

Local GGA mPW91  1.53 0.56 1.37  2.86 0.8 2.52  3.23 1.23 2.90  2.54 0.86 2.26 
 BLYP  1.49 2.32 1.63  2.4 0.88 2.14  2.74 9.32 3.84  2.21 4.18 2.54 
 BLYP-D3  4.10 0.44 3.49  5.75 1.00 4.96  6.23 1.44 5.43  5.36 0.96 4.63 
 BP86  3.83 3.48 3.77  2.11 2.05 2.10  1.87 1.59 1.83  2.60 2.37 2.56 
 BP86-D3  0.92 1.81 1.07  1.67 0.38 1.46  2.00 0.07 1.68  1.53 0.75 1.40 
 PBE  1.11 1.90 1.24  2.31 0.44 2.00  2.63 0.00 2.19  2.02 0.78 1.81 
 PBE-D3  1.60 1.09 1.51  3.31 0.37 2.82  3.80 0.80 3.30  2.90 0.75 2.54 

Local LDA SVWN5  5.17 0.52 4.39  6.94 2.04 6.13  7.53 2.54 6.69  6.54 1.70 5.74 
AMPE   2.82 1.21 2.54  3.68 1.32 3.29  4.02 1.67 3.62  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
 

 

Table A.4. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or Karlsruhe basis sets (kcal/mol) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding 
energies.a  

   def2-SVP  def2-TZVPP  def2-QZVPP    

   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 
Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-Hybrid B2-PLYP  4.50 0.91 3.90  1.97 0.72 1.76  2.61 0.82 2.31  5.50 2.75 5.04 
 B2-PLYP-D3  6.17 1.77 5.43  3.63 1.58 3.29  4.57 1.68 4.00  7.26 3.61 6.62 
 mPW2-PLYP  6.47 1.76 5.68  3.90 1.61 3.51  4.98 1.69 4.32  7.60 3.62 6.90 
 PBE-QIDH  2.69 0.49 2.32  1.40 0.99 1.33  2.09 1.29 1.96  4.06 2.54 3.80 
 PBE0-DH  4.12 1.24 3.64  2.56 1.62 2.41  4.13 1.84 3.56  5.47 3.10 5.01 

RSH M11  6.68 2.22 5.93  4.14 1.75 3.74  4.73 2.24 4.31  7.32 3.77 6.73 
 MN12-SX  3.61 0.21 3.04  2.10 0.48 1.83  2.60 0.64 2.27  4.51 1.95 4.08 
 MN12-SX-D3  4.28 0.63 3.67  2.50 0.90 2.23  3.00 1.06 2.67  5.07 2.37 4.62 

RSH meta-
GGA 

ωB97M-V  10.14 1.53 8.71  2.50 1.30 2.30  4.20 1.17 3.59  6.26 3.16 5.71 

RSH GGA ωB97  1.91 0.07 1.61  0.91 0.24 0.80  1.42 0.09 1.20  3.58 1.89 3.30 
 ωB97X  2.64 0.90 2.35  2.25 1.12 2.06  1.44 0.93 1.36  3.69 2.06 3.42 
 ωB97X-D  2.39 0.97 2.15  1.21 1.07 1.18  0.85 0.81 0.85  3.25 1.87 3.01 
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 ωB97X-V  4.12 1.22 3.63  2.03 1.12 1.88  2.51 1.03 2.14  5.06 1.22 2.55 
 HSE06  5.02 1.53 4.44  3.14 1.44 2.86  3.70 1.54 3.34  5.94 3.12 5.47 
 HSE06-D3  6.63 2.27 5.91  4.64 2.19 4.23  5.31 2.29 4.81  7.51 3.87 6.90 
 LC-PBE  6.42 2.87 5.83  4.71 2.93 4.41  5.78 3.33 5.37  7.78 4.72 7.27 
 LC-ωPBE  4.14 1.59 3.71  2.37 1.52 2.23  3.01 1.74 2.80  5.36 3.33 5.02 
 LC-ωPBE-

XDM 
 – – –  2.77 1.75 2.26  – – –  – – – 

 LC-ωPBE-D3  6.13 2.55 5.53  4.20 2.48 3.91  5.00 2.70 4.62  7.30 4.29 6.79 
 CAM-B3LYP  8.88 3.15 7.92  6.24 2.63 5.63  6.85 2.69 6.15  3.30 4.62 5.00 
 CAM-B3LYP-

D3 
 10.70 4.01 9.59  8.06 3.50 7.30  8.67 3.56 7.82  4.16 6.15 6.85 

GH meta-GGA M06  2.46 0.63 2.15  1.55 0.57 1.38  1.75 0.36 1.51  5.43 7.82 8.67 
 M06-2X  4.95 2.03 4.46  3.42 2.15 3.21  4.22 2.45 3.92  0.87 1.51 1.75 
 M06-HF  17.28 4.61 15.17  7.63 4.76 7.15  7.75 4.88 7.27  2.83 3.92 4.22 
 MN15  2.22 0.61 1.96  1.17 0.25 1.02  1.87 0.56 1.65  6.01 7.27 7.75 
 BMK  1.69 0.22 1.44  1.89 0.32 1.63  1.89 0.04 1.58  0.79 1.67 1.89 

GH GGA BH&HLYP  9.17 3.28 8.19  6.95 3.35 6.35  7.57 3.51 6.90  0.84 1.56 1.87 
 SOGGA11-X  5.16 1.39 4.53  3.38 1.65 3.09  3.93 1.75 3.57  4.93 6.90 7.57 
 B3PW91  2.66 0.21 2.25  1.53 0.12 1.30  2.07 0.31 1.77  2.42 3.57 3.93 
 B3PW91-D3  5.16 1.84 4.61  3.29 1.76 3.04  4.09 1.94 3.73  0.80 1.77 2.07 
 PBE0  4.79 1.50 4.24  4.06 1.54 3.64  3.59 1.62 3.27  2.49 3.73 4.09 
 PBE0-D3  6.44 2.30 5.75  5.22 2.33 4.74  5.24 2.42 4.77  2.63 3.27 3.59 
 B3LYP  6.46 1.85 5.69  3.83 1.29 3.41  4.39 1.30 3.87  3.58 4.77 5.24 
 B3LYP-D3  9.59 3.44 8.56  6.96 2.88 6.28  7.52 2.89 6.75  2.36 3.87 4.39 
 X3LYP  7.85 2.43 6.94  5.17 1.88 4.62  5.67 1.86 5.03  4.58 6.75 7.52 
 X3LYP-D3  11.42 4.41 10.25  8.74 3.86 7.93  9.24 3.83 8.34  3.24 5.03 5.67 
 O3LYP  3.71 0.83 3.23  2.10 0.74 1.87  2.37 0.39 2.04  5.88 8.34 9.24 
 O3LYP-D3  8.12 3.46 7.34  5.91 3.37 5.49  6.02 3.02 5.52  1.13 2.04 2.37 
 B97-2  2.52 0.01 2.10  1.36 0.08 1.15  1.82 0.15 1.54  4.26 5.52 6.02 

Local meta-
GGA 

TPSS  3.90 0.89 3.40  1.97 0.54 1.73  2.52 0.55 2.19  0.65 1.54 1.82 

 TPSS-D3  6.18 2.00 5.49  4.14 1.66 3.73  4.80 1.66 4.28  1.14 2.19 2.52 
 M06-L  1.64 1.23 1.57  2.35 1.08 2.14  1.87 0.88 1.71  2.69 4.28 4.80 
 M11-L  2.15 1.68 2.08  3.03 0.84 2.67  2.44 0.54 2.12  1.51 1.71 1.87 
 MN12-L  3.48 0.12 2.92  2.36 0.59 2.06  2.91 0.73 2.54  1.60 2.12 2.44 
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 MN15-L  1.13 1.35 1.16  1.63 0.40 1.43  1.70 0.87 1.56  1.39 2.54 2.91 
Local GGA mPW91  3.91 1.10 3.44  2.57 1.12 2.33  3.07 1.26 2.76  1.15 1.56 1.70 

 BLYP  5.09 0.94 4.40  2.23 0.18 1.89  2.59 0.38 2.22  1.79 2.76 3.07 
 BLYP-D3  8.83 2.82 7.83  5.65 1.71 4.99  6.03 1.51 5.28  1.13 2.22 2.59 
 BP86  1.31 1.01 1.26  2.61 1.62 2.44  1.89 1.54 1.83  3.25 5.28 6.03 
 BP86-D3  3.00 0.65 2.61  1.45 0.05 1.22  1.83 0.12 1.55  1.99 1.83 1.89 
 PBE  3.80 0.77 3.29  2.23 0.20 1.89  2.45 0.05 2.05  0.67 1.55 1.83 
 PBE-D3  5.44 1.58 4.79  3.09 1.01 2.74  3.81 1.35 3.40  0.97 2.05 2.45 

Local LDA SVWN5  8.48 3.07 7.58  6.38 2.48 5.73  7.26 2.57 6.48  2.05 3.40 3.81 
AMPE   5.34 1.66 4.72  3.48 1.51 3.15  3.92 1.55 3.51  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
 

 

Table A.5. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or Dunning basis sets (kcal/mol) for Li+–nucleobase and Li+–phosphate DFT binding energies without 
counterpoise corrections.a  

   aug-cc-pVDZ  aug-cc-pVTZ  aug-cc-pVQZ    

   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 
Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-Hybrid B2-PLYP  1.47 0.60 1.33  2.8 0.59 2.43  3.16 0.99 2.79  2.48 0.73 2.18 
 B2-PLYP-D3  3.13 0.25 2.65  4.46 1.44 3.96  4.82 1.85 4.32  4.14 1.18 3.65 
 mPW2-PLYP  3.31 0.28 2.81  4.67 1.45 4.13  5.02 1.85 4.49  4.33 1.19 3.81 
 PBE-QIDH  0.69 0.04 0.59  2.06 1.06 1.89  2.38 1.45 2.23  1.71 0.85 1.57 
 PBE0-DH  1.86 0.50 1.63  3.23 1.57 2.95  3.60 1.97 3.33  2.90 1.34 2.64 

RSH M11  4.59 1.03 3.99  4.60 2.08 4.18  5.38 2.41 4.88  4.85 1.84 4.35 
 MN12-SX  1.56 0.54 1.39  2.96 0.56 2.56  3.16 1.09 2.81  2.56 0.73 2.26 
 MN12-SX-D3  1.96 0.13 1.66  3.41 0.97 3.00  3.15 1.51 2.87  2.84 0.87 2.51 

RSH meta-
GGA 

ωB97M-V  5.54 0.22 4.66  2.71 0.66 2.37  2.79 0.92 2.48  3.68 0.60 3.17 

RSH GGA ωB97  0.79 1.31 0.87  1.54 0.32 1.34  1.76 0.07 1.48  1.36 0.57 1.23 
 ωB97X  2.78 2.26 2.69  1.46 1.29 1.43  1.41 0.86 1.32  1.88 1.47 1.81 
 ωB97X-D  1.68 2.22 1.77  0.83 1.2 0.89  0.96 0.75 0.93  1.16 1.39 1.20 
 ωB97X-V  1.21 0.19 1.04  2.51 0.65 2.2  2.69 0.93 2.40  2.14 0.59 1.88 
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 HSE06  2.38 0.15 2.01  3.79 1.28 3.37  4.25 1.67 3.82  3.47 1.04 3.07 
 HSE06-D3  4.00 0.90 3.48  5.4 2.03 4.84  5.86 2.42 5.29  5.09 1.78 4.54 
 LC-PBE  4.67 2.04 4.24  6.03 3.12 5.55  6.59 3.59 6.09  5.76 2.92 5.29 
 LC-ωPBE  1.79 0.41 1.56  3.35 1.56 3.05  3.89 1.99 3.57  3.01 1.32 2.73 
 LC-ωPBE-

XDM 
 2.29 0.41 2.29  4.51 3.14 4.28  – – –  3.40 1.78 3.28 

 LC-ωPBE-D3  3.78 1.37 3.38  5.34 2.52 4.87  5.88 2.95 5.39  5.00 2.28 4.55 
 CAM-B3LYP  5.55 1.29 4.84  7.13 2.48 6.35  7.61 2.91 6.83  6.76 2.23 6.01 
 CAM-B3LYP-

D3 
 7.38 2.16 6.51  8.95 3.35 8.02  9.43 3.78 8.49  8.59 3.09 7.67 

GH meta-GGA M06  1.95 1.83 1.93  1.83 0.81 1.66  1.86 0.32 1.86  1.88 1.32 1.82 
 M06-2X  2.53 1.25 2.32  4.03 2.01 3.70  4.88 2.64 4.51  3.81 1.97 3.51 
 M06-HF  7.51 4.17 6.95  8.44 5.33 7.92  9.90 5.91 9.24  8.62 5.14 8.04 
 MN15  0.91 0.63 0.87  2.13 0.55 1.86  2.53 1.03 2.28  2.36 0.74 2.09 
 BMK  3.01 1.36 2.74  2.03 0.47 1.77  1.95 0.15 1.65  1.83 0.66 1.61 

GH GGA BH&HLYP  6.23 2.22 5.57  7.67 3.27 6.94  8.04 3.64 7.31  7.32 3.04 6.61 
 SOGGA11-X  2.31 0.38 1.99  4.32 1.51 3.85  4.34 1.87 3.93  3.66 1.25 3.26 
 B3PW91  0.82 1.14 0.88  2.05 0.01 1.71  2.40 0.43 2.07  1.76 0.53 1.55 
 B3PW91-D3  2.65 0.49 2.29  4.14 1.65 3.73  4.60 2.06 4.18  3.80 1.40 3.40 
 PBE0  2.18 0.21 1.85  4.60 1.35 4.05  4.14 1.75 3.74  3.64 1.11 3.21 
 PBE0-D3  3.81 1.01 3.34  5.89 2.15 5.26  5.79 2.55 5.25  5.16 1.90 4.62 
 B3LYP  3.07 0.13 2.58  4.62 1.07 4.03  5.09 1.48 4.49  4.26 0.90 3.70 
 B3LYP-D3  6.20 1.45 5.41  7.75 2.66 6.9  8.22 3.07 7.36  7.39 2.40 6.56 
 X3LYP  4.37 0.43 3.71  5.93 1.63 5.22  6.39 2.05 5.67  5.56 1.37 4.87 
 X3LYP-D3  7.94 2.40 7.02  9.50 3.61 8.52  9.27 3.78 8.36  8.90 3.27 7.96 
 O3LYP  1.05 0.99 1.04  2.49 0.22 2.12  2.81 0.57 2.43  2.11 0.59 1.86 
 O3LYP-D3  4.67 1.64 4.17  6.36 2.85 5.77  6.74 3.20 6.15  5.92 2.56 5.36 
 B97-2  0.96 1.24 1.01  1.8 0.14 1.53  2.10 0.23 1.79  1.62 0.54 1.44 

Local meta-
GGA 

TPSS  1.15 0.98 1.12  2.48 0.25 2.11  2.87 0.61 2.49  2.17 0.61 1.91 

 TPSS-D3  2.80 0.09 2.35  4.77 1.36 4.2  5.16 1.72 4.58  4.24 1.06 3.71 
 M06-L  3.39 2.05 3.17  2.07 1.45 1.97  1.81 0.66 1.62  2.42 1.39 2.25 
 M11-L  2.23 0.99 2.02  1.71 0.35 1.48  2.76 1.39 2.53  2.23 0.91 1.97 
 MN12-L  1.91 0.31 1.64  3.33 0.78 2.9  3.59 1.37 3.22  2.94 0.82 2.59 
 MN15-L  3.10 1.69 2.86  1.3 0.98 1.25  1.20 0.67 1.11  1.87 1.11 1.74 



331 
 

Local GGA mPW91  1.69 0.18 1.43  3.06 0.97 2.71  3.40 1.37 3.06  2.71 0.84 2.40 
 BLYP  1.47 1.88 1.54  2.78 0.55 2.41  3.31 8.98 4.26  2.52 3.81 2.74 
 BLYP-D3  4.79 0.00 3.99  6.5 1.33 5.64  7.05 1.78 6.17  6.11 1.04 5.27 
 BP86  3.32 3.10 3.28  1.83 1.85 1.84  1.83 1.41 1.76  2.32 2.12 2.29 
 BP86-D3  0.83 1.44 0.93  1.85 0.19 1.57  2.22 0.26 1.90  1.64 0.63 1.47 
 PBE  1.13 1.48 1.18  2.42 0.18 2.05  2.97 0.26 2.52  2.17 0.64 1.92 
 PBE-D3  2.18 0.67 1.93  3.89 0.63 3.35  4.43 1.06 3.87  3.50 0.79 3.05 

Local LDA SVWN5  6.66 1.23 5.75  7.27 2.23 6.43  7.84 2.70 6.98  7.26 2.05 6.39 
AMPE   3.04 1.08 2.72  4.00 1.43 3.57  4.33 1.86 3.93  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
 

 

Table A.6. The percent error (PE), mean percent error (MPE) and average mean percent error (AMPE) across nucleic acid 
components and/or Karlsruhe basis sets (kcal/mol) for Li+–nucleobase and Li+–phosphate DFT binding energies without 
counterpoise corrections.a  

   def2-SVP  def2-TZVPP  def2-QZVPP    

   Base PO4– All  Base PO4– All  Base PO4– All  Base PO4– All 
Family Functional  MPE PE MPE  MPE PE MPE  MPE PE MPE  AMPE AMPE AMPE 

Double-Hybrid B2-PLYP  11.92 6.70 11.05  2.94 1.74 2.74  2.95 1.27 2.67  5.94 3.24 5.49 
 B2-PLYP-D3  13.59 7.56 12.58  4.60 2.60 4.27  4.61 2.12 4.20  7.60 4.09 7.02 
 mPW2-PLYP  13.92 7.56 12.86  4.87 2.63 4.50  4.81 2.13 4.36  7.87 4.11 7.24 
 PBE-QIDH  8.68 5.33 8.13  1.82 1.88 1.83  2.26 1.67 2.16  4.25 2.96 4.04 
 PBE0-DH  9.71 5.82 9.06  3.07 2.35 2.95  3.39 2.15 3.18  5.39 3.44 5.06 

RSH M11  13.09 7.30 12.13  4.92 2.37 4.49  5.00 2.58 4.60  7.67 4.09 7.07 
 MN12-SX  8.82 4.74 8.14  2.49 1.10 2.26  2.80 1.09 2.51  4.70 2.31 4.31 
 MN12-SX-D3  9.72 5.16 8.96  2.89 1.52 2.66  3.20 1.51 2.92  5.27 2.73 4.85 

RSH meta-
GGA 

ωB97M-V  12.09 1.53 11.24  3.08 1.94 2.89  2.68 1.22 2.43  5.95 1.56 5.52 

RSH GGA ωB97  8.41 5.33 7.90  1.20 0.41 1.07  1.49 0.11 1.26  3.70 1.95 3.41 
 ωB97X  7.39 4.12 6.84  1.69 0.47 1.49  1.35 0.71 1.25  3.48 1.77 3.19 
 ωB97X-D  7.68 3.72 7.02  0.83 0.44 0.76  0.88 0.54 0.82  3.13 1.57 2.87 
 ωB97X-V  10.66 1.22 3.63  2.52 1.72 2.39  2.31 1.10 2.11  5.16 1.35 2.71 
 HSE06  10.98 6.37 10.21  3.65 2.12 3.39  3.84 1.83 3.51  6.16 3.44 5.70 
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 HSE06-D3  12.59 7.12 11.68  5.26 2.87 4.86  5.45 2.58 4.98  7.77 4.19 7.17 
 LC-PBE  12.85 7.90 12.02  5.29 3.55 5.00  5.91 3.56 5.52  8.01 5.00 7.51 
 LC-ωPBE  10.70 6.75 10.04  2.89 2.25 2.78  3.16 2.02 2.97  5.58 3.67 5.26 
 LC-ωPBE-

XDM 
 – – –  3.45 2.51 3.29  – – –  3.45 2.51 3.29 

 LC-ωPBE-D3  12.69 7.71 11.86  4.88 3.21 4.60  5.15 2.98 4.79  7.57 4.63 7.08 
 CAM-B3LYP  16.32 8.88 15.08  6.97 3.42 6.38  7.01 3.00 6.34  10.10 5.10 9.27 
 CAM-B3LYP-

D3 
 18.14 9.75 16.74  8.79 4.29 8.04  8.83 3.87 8.00  11.92 5.97 10.93 

GH meta-
GGA 

M06  6.62 4.02 6.19  1.63 0.01 1.36  1.76 0.03 1.47  3.34 1.35 3.01 

 M06-2X  10.65 6.67 9.99  3.95 2.72 3.74  4.36 2.70 4.08  6.32 4.03 5.94 
 M06-HF  24.03 10.14 21.71  8.44 5.49 7.95  8.21 5.40 7.74  13.56 7.01 12.47 
 MN15  8.05 5.79 7.67  1.42 0.89 1.33  1.93 0.77 1.74  2.94 2.48 2.86 
 BMK  5.56 4.29 5.35  1.75 0.15 1.48  1.83 0.21 1.56  3.91 1.55 3.52 

GH GGA BH&HLYP  14.96 7.99 13.80  7.50 3.97 6.91  7.70 3.74 7.04  10.05 5.23 9.25 
 SOGGA11-X  10.59 5.90 9.81  3.93 2.18 3.64  4.11 1.98 3.76  6.21 3.35 5.73 
 B3PW91  7.66 4.92 7.21  1.82 0.78 1.65  2.13 0.60 1.88  3.87 2.10 3.58 
 B3PW91-D3  10.96 6.55 10.22  3.89 2.41 3.65  4.24 2.23 3.91  6.36 3.73 5.93 
 PBE0  10.70 6.30 9.97  4.61 2.23 4.22  3.74 1.92 3.44  6.35 3.48 5.88 
 PBE0-D3  12.35 7.10 11.48  5.90 3.03 5.42  5.39 2.71 4.95  7.88 4.28 7.28 
 B3LYP  13.59 7.41 12.56  4.56 2.08 4.14  4.55 1.63 4.07  7.57 3.71 6.92 
 B3LYP-D3  16.72 9.00 15.43  7.69 3.66 7.02  7.68 3.22 6.94  10.70 5.29 9.80 
 X3LYP  15.13 8.10 13.96  5.92 2.69 5.38  5.84 2.20 5.23  8.96 4.33 8.19 
 X3LYP-D3  18.70 10.08 17.26  9.49 4.67 8.69  9.41 4.17 8.54  12.53 6.31 11.50 
 O3LYP  10.73 6.29 9.99  2.60 1.77 2.46  2.47 0.89 2.21  5.27 2.98 4.89 
 O3LYP-D3  15.13 8.92 14.10  6.96 4.40 6.53  6.27 3.52 5.81  9.45 5.61 8.81 
 B97-2  7.25 4.63 6.81  1.67 0.78 1.52  1.89 0.46 1.66  3.60 1.96 3.33 

Local meta-
GGA 

TPSS  10.35 6.08 9.63  2.65 1.36 2.43  2.73 0.98 2.44  5.24 2.80 4.84 

 TPSS-D3  12.63 7.19 11.72  4.93 2.47 4.52  5.02 2.09 4.53  7.53 3.92 6.92 
 M06-L  3.58 2.35 3.37  1.91 0.69 1.70  1.77 0.59 1.58  2.42 1.21 2.22 
 M11-L  3.26 1.57 2.98  2.23 0.27 1.91  1.81 0.05 1.51  2.43 0.63 2.13 
 MN12-L  7.27 3.96 6.71  2.72 1.16 2.46  3.12 1.16 2.79  4.37 2.09 3.99 
 MN15-L  3.97 2.92 3.79  0.98 0.33 0.87  1.42 0.57 1.28  2.12 1.27 1.98 

Local GGA mPW91  9.77 5.84 9.12  2.88 1.81 2.70  3.14 1.57 2.88  5.26 3.07 4.90 
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 BLYP  13.70 7.40 12.65  2.85 0.80 2.51  2.68 0.08 2.25  6.41 2.76 5.80 
 BLYP-D3  17.43 9.29 16.08  6.59 2.69 5.94  6.26 1.97 5.55  10.09 4.65 9.19 
 BP86  6.44 4.37 6.10  1.90 0.85 1.72  1.77 1.19 1.67  3.37 2.14 3.16 
 BP86-D3  9.81 6.04 9.18  1.63 0.81 1.49  1.91 0.48 1.67  4.45 2.44 4.11 
 PBE  11.23 6.55 10.45  2.33 1.11 2.13  2.54 0.49 2.20  5.37 2.72 4.93 
 PBE-D3  12.87 7.35 11.95  3.95 1.92 3.61  3.60 0.91 3.15  6.81 3.40 6.24 

Local LDA SVWN5  8.48 3.07 7.58  7.14 3.28 6.50  7.45 2.94 6.70  7.69 3.10 6.93 
AMPE   11.16 6.13 10.23  3.91 2.05 3.59  3.96 1.77 3.59  – – – 

a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
 

 

Table A.7. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or Dunning basis sets (kcal/mol) for Li+–
nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies.a 

   aug-cc-pVDZ   aug-cc-pVTZ   aug-cc-pVQZ    
   Nucleobases PO4–  Nucleobases PO4–  Nucleobases PO4–  AMUE ARMSE 

Family Functional  MUE RMSE UE  MUE RMSE UE  MUE RMSE UE  Nucleobases PO4– Base 
Double-
Hybrid 

B2-PLYP  0.41 0.49 1.96  1.31 1.46 0.54  1.59 1.74 1.32  1.11 1.27 1.23 

 B2-PLYP-
D3 

 1.32 1.34 0.56  2.25 2.30 1.95  2.54 2.60 2.73  2.04 1.74 2.08 

 mPW2-
PLYP 

 1.45 1.49 0.51  2.38 2.47 1.96  2.67 2.76 2.73  2.17 1.73 2.24 

 PBE-QIDH  0.28 0.37 1.12  1.08 1.12 1.35  1.33 1.42 2.16  0.90 1.54 0.97 
 PBE0-DH  0.93 1.01 0.01  1.75 1.95 2.30  2.01 2.23 3.03  1.56 1.78 1.73 

RSH M11  2.37 2.53 1.13  2.39 2.63 2.94  2.90 3.13 3.44  2.55 2.50 2.76 
 MN12-SX  0.68 0.84 1.61  1.46 1.54 0.52  1.50 1.57 1.17  1.21 1.10 1.32 
 MN12-SX-

D3 
 0.93 1.02 0.92  1.72 1.90 1.20  1.59 1.82 1.85  1.41 1.32 1.58 

RSH 
meta-
GGA 

ωB97M-V  3.42 3.57 0.85  1.49 1.56 1.24  1.45 1.55 1.02  2.12 1.02 2.23 

RSH 
GGA 

ωB97  0.69 0.79 2.82  0.72 0.75 0.83  0.87 0.87 0.18  0.76 1.28 0.80 

 ωB97X  1.84 1.95 4.33  0.95 1.38 2.27  0.78 1.23 1.54  1.19 2.71 1.52 
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 ωB97X-D  1.21 1.25 4.24  0.48 0.67 2.12  0.52 0.62 1.35  0.74 2.57 0.85 
 ωB97X-V  0.51 0.61 0.87  1.36 1.44 1.13  1.44 1.55 1.15  1.10 1.05 1.20 
 HSE06  1.26 1.36 0.39  2.01 2.25 1.82  2.28 2.53 2.48  1.85 1.57 2.05 
 HSE06-D3  2.06 2.15 0.83  2.92 3.06 3.04  3.19 3.34 3.71  2.72 2.53 2.85 
 LC-PBE  2.38 2.73 2.52  3.31 3.64 4.71  3.63 3.95 5.50  3.10 4.24 3.44 
 LC-ωPBE  0.90 1.13 0.01  1.67 1.91 2.11  1.96 2.19 2.83  1.51 1.65 1.74 
 LC-ωPBE-

XDM 
 1.30 1.55 0.01  2.32 2.50 2.79  – – –  1.30 0.01 1.55 

 LC-ωPBE-
D3 

 1.92 2.05 1.56  2.79 2.90 3.68  3.08 3.19 4.40  2.60 3.22 2.72 

 CAM-
B3LYP 

 2.88 2.96 1.43  3.80 3.91 3.66  4.06 4.19 4.37  3.58 3.15 3.69 

 CAM-
B3LYP-D3 

 3.91 3.95 2.85  4.83 4.90 5.08  5.10 5.17 5.79  4.61 4.57 4.67 

GH 
meta-
GGA 

M06  1.38 1.76 3.64  0.93 1.24 1.54  0.94 1.25 0.32  1.08 1.83 1.42 

 M06-2X  1.20 1.24 1.43  2.11 2.19 3.00  2.60 2.67 4.03  1.97 2.82 2.03 
 M06-HF  3.89 4.05 6.12  4.27 4.32 7.46  4.93 4.99 8.44  4.37 7.34 4.45 
 MN15  0.64 0.96 1.80  1.01 1.09 0.28  1.14 1.16 0.96  0.93 1.01 1.07 
 BMK  1.97 2.24 2.84  1.11 1.49 0.92  1.01 1.38 0.01  1.36 1.26 1.70 

GH 
GGA 

BH&HLYP  3.35 3.44 2.96  4.25 4.38 5.09  4.49 4.63 5.75  4.03 4.60 4.15 

 SOGGA11-
X 

 1.08 1.16 0.03  2.25 2.35 2.25  2.31 2.42 2.81  1.88 1.70 1.98 

 B3PW91  0.60 0.97 2.48  1.01 1.11 0.24  1.23 1.28 0.47  0.95 1.07 1.12 
 B3PW91-

D3 
 1.26 1.35 0.19  2.19 2.32 2.44  2.47 2.61 3.15  1.98 1.93 2.09 

 PBE0  1.16 1.24 0.30  2.61 3.23 1.94  2.23 2.46 2.63  2.00 1.62 2.31 
 PBE0-D3  1.95 2.04 1.00  3.25 3.50 3.24  3.16 3.28 3.93  2.79 2.72 2.94 
 B3LYP  1.44 1.61 0.88  2.35 2.57 1.38  2.61 2.83 2.08  2.13 1.45 2.34 
 B3LYP-D3  3.21 3.24 1.71  4.12 4.19 3.98  4.38 4.46 4.67  3.90 3.45 3.96 
 X3LYP  2.18 2.29 0.02  3.09 3.25 2.29  3.35 3.52 2.98  2.87 1.76 3.02 
 X3LYP-D3  4.21 4.23 3.26  5.13 5.17 5.52  4.99 5.04 5.82  4.78 4.87 4.81 
 O3LYP  0.52 0.73 2.39  1.18 1.26 0.10  1.37 1.46 0.55  1.02 1.01 1.15 
 O3LYP-D3  2.33 2.35 1.91  3.27 3.31 4.20  3.51 3.56 4.85  3.03 3.65 3.07 
 B97-2  0.80 1.07 2.68  0.86 1.04 0.48  1.06 1.15 0.19  0.91 1.12 1.09 
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Local 
meta-
GGA 

TPSS  0.53 0.58 2.20  1.25 1.43 0.13  1.53 1.72 0.83  1.10 1.05 1.24 

 TPSS-D3  1.30 1.34 0.74  2.53 2.59 1.95  2.81 2.88 2.65  2.21 1.78 2.27 
 M06-L  2.18 2.40 3.97  1.17 1.69 2.61  1.00 1.48 1.42  1.45 2.66 1.86 
 M11-L  2.09 2.22 3.06  1.18 1.66 0.99  2.53 4.01 0.17  1.93 1.40 2.63 
 MN12-L  0.81 0.88 1.46  1.70 1.78 0.74  1.70 1.76 1.33  1.40 1.17 1.47 
 MN15-L  2.03 2.06 3.65  0.94 1.26 2.00  0.85 1.17 1.43  1.27 2.36 1.50 

Local 
GGA 

mPW91  0.88 0.88 0.92  1.65 1.75 1.31  1.87 2.01 2.01  1.46 1.42 1.55 

 BLYP  0.79 0.87 3.80  1.28 1.55 1.44  1.49 1.79 15.25  1.19 6.83 1.40 
 BLYP-D3  2.27 2.36 0.72  3.20 3.32 1.64  3.47 3.59 2.35  2.98 1.57 3.09 
 BP86  2.20 2.34 5.69  1.23 1.64 3.35  1.07 1.47 2.61  1.50 3.88 1.82 
 BP86-D3  0.52 0.66 2.97  0.90 1.08 0.62  1.09 1.32 0.12  0.84 1.23 1.02 
 PBE  0.61 0.70 3.10  1.29 1.40 0.72  1.47 1.61 0.00  1.12 1.28 1.24 
 PBE-D3  0.91 1.08 1.78  1.88 2.06 0.60  2.16 2.34 1.31  1.65 1.23 1.83 

Local 
LDA 

SVWN5  3.07 3.45 0.84  4.08 4.46 3.34  4.41 4.79 4.15  3.86 2.78 4.23 

AMUE   1.62 – 1.91  2.11 – 2.16  2.30 – 2.73  – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
 

 

Table A.8. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or Karlsruhe basis sets (kcal/mol) for Li+–
nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies.a 

   def2-SVP   def2-TZVPP   def2-QZVPP    
   Nucleobases PO4–  Nucleobases PO4–  Nucleobases PO4–  AMUE ARMSE 

Family Functional  MUE RMSE UE  MUE RMSE UE  MUE RMSE UE  Nucleobases PO4– Base 
Double-
Hybrid 

B2-PLYP  2.61 2.63 1.49  1.11 1.22 1.17  1.48 1.62 1.34  1.73 1.33 1.82 

 B2-PLYP-
D3 

 3.55 3.56 2.89  2.06 2.09 2.58  2.42 2.47 2.75  2.68 2.74 2.71 

 mPW2-
PLYP 

 3.74 3.77 2.88  2.23 2.29 2.63  2.56 2.65 2.76  2.84 2.76 2.90 

 PBE-QIDH  1.62 1.74 0.80  0.82 0.84 1.63  1.22 1.29 2.11  1.22 1.51 1.29 
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 PBE0-DH  2.46 2.65 2.03  1.52 1.67 2.65  1.88 2.10 3.01  1.95 2.56 2.14 
RSH M11  3.96 4.11 3.63  2.47 2.73 2.87  2.81 3.05 3.67  3.08 3.39 3.30 

 MN12-SX  2.09 2.29 0.34  1.15 1.19 0.78  1.44 1.49 1.05  1.56 0.72 1.66 
 MN12-SX-

D3 
 2.49 2.72 1.02  1.41 1.50 1.47  1.70 1.85 1.73  1.86 1.41 2.02 

RSH 
meta-
GGA 

ωB97M-V  6.50 7.97 2.50  1.45 1.51 2.13  1.98 2.33 1.91  3.31 2.18 3.94 

RSH 
GGA 

ωB97  1.21 1.49 0.12  0.51 0.68 0.39  0.80 0.81 0.15  0.84 0.22 1.00 

 ωB97X  1.69 2.72 1.47  1.25 1.56 1.83  0.80 1.29 1.52  1.25 1.61 1.86 
 ωB97X-D  1.57 2.40 1.59  0.66 0.86 1.74  0.48 0.63 1.33  0.90 1.55 1.30 
 ωB97X-V  2.45 2.56 1.99  1.21 1.30 1.83  1.28 1.43 1.68  1.65 1.83 1.76 
 HSE06  2.98 3.20 2.49  1.85 2.04 2.36  2.16 2.41 2.52  2.33 2.46 2.55 
 HSE06-D3  3.90 4.04 3.72  2.70 2.84 3.58  3.07 3.22 3.74  3.22 3.68 3.36 
 LC-PBE  3.89 4.23 4.69  2.87 3.25 4.79  3.48 3.81 5.45  3.41 4.98 3.76 
 LC-ωPBE  2.52 2.78 2.60  1.46 1.67 2.48  1.83 2.06 2.84  1.94 2.64 2.17 
 LC-ωPBE-

XDM 
 – – –  1.71 1.95 2.69  – – –  1.71 2.69 1.95 

 LC-ωPBE-
D3 

 3.65 3.80 4.17  2.50 2.64 4.05  2.95 3.07 4.41  3.03 4.21 3.17 

 CAM-
B3LYP 

 5.17 5.27 5.15  3.61 3.72 4.31  3.95 4.07 4.40  4.24 4.62 4.35 

 CAM-
B3LYP-D3 

 6.21 6.27 6.57  4.64 4.71 5.73  4.98 5.05 5.82  5.28 6.04 5.34 

GH 
meta-
GGA 

M06  1.38 1.43 1.03  0.83 1.38 0.94  0.93 1.22 0.59  1.05 0.85 1.34 

 M06-2X  2.90 2.96 3.32  1.99 2.05 3.52  2.44 2.51 4.02  2.44 3.62 2.51 
 M06-HF  9.42 11.88 7.54  4.45 4.51 7.78  4.51 4.56 7.98  6.13 7.77 6.98 
 MN15  1.36 1.51 1.00  0.64 0.92 0.40  1.05 1.10 0.92  2.17 0.77 1.18 
 BMK  0.92 1.14 0.35  1.08 1.63 0.53  1.00 1.39 0.07  1.00 0.32 1.39 

GH 
GGA 

BH&HLYP  5.33 5.44 5.37  4.02 4.15 5.48  4.37 4.51 5.74  4.58 5.53 4.70 

 SOGGA11-
X 

 3.01 3.10 2.28  1.95 2.05 2.69  2.26 2.36 2.86  2.41 2.61 2.50 

 B3PW91  1.56 1.61 0.34  0.82 1.02 0.20  1.13 1.19 0.51  1.17 0.35 1.27 
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 B3PW91-
D3 

 3.02 3.14 3.01  1.90 2.03 2.88  2.34 2.47 3.18  2.42 3.02 2.55 

 PBE0  2.85 3.07 2.46  2.53 3.26 2.51  2.10 2.33 2.65  2.50 2.54 2.89 
 PBE0-D3  3.78 3.92 3.76  3.13 3.47 3.81  3.03 3.16 3.95  3.32 3.84 3.51 
 B3LYP  3.75 3.87 3.03  2.19 2.39 2.12  2.50 2.71 2.13  2.81 2.43 2.99 
 B3LYP-D3  5.52 5.57 5.62  3.96 4.02 4.71  4.27 4.34 4.72  4.58 5.02 4.64 
 X3LYP  4.55 4.65 3.98  2.96 3.10 3.08  3.24 3.40 3.04  3.58 3.37 3.72 
 X3LYP-D3  6.59 6.63 7.22  5.00 5.03 6.31  5.27 5.31 6.27  5.62 6.60 5.66 
 O3LYP  2.19 2.46 1.35  1.17 1.23 1.21  1.30 1.38 0.65  1.55 1.07 1.69 
 O3LYP-D3  4.71 4.78 5.65  3.39 3.42 5.51  3.43 3.48 4.94  3.84 5.37 3.89 
 B97-2  1.47 1.49 0.02  0.71 0.97 0.13  0.98 1.09 0.24  1.05 0.13 1.18 

Local 
meta-
GGA 

TPSS  2.29 2.43 1.45  1.12 1.26 0.89  1.43 1.62 0.89  1.61 1.08 1.77 

 TPSS-D3  3.58 3.64 3.27  2.35 2.41 2.71  2.72 2.78 2.71  2.88 2.90 2.94 
 M06-L  0.86 1.58 2.01  1.32 1.88 1.76  1.02 1.55 1.45  1.07 1.74 1.67 
 M11-L  1.17 1.90 2.74  1.72 2.08 1.37  1.42 1.79 0.88  1.43 1.66 1.92 
 MN12-L  2.02 2.09 0.20  1.35 1.37 0.97  1.68 1.73 1.19  1.68 0.79 1.73 
 MN15-L  0.58 0.99 2.20  0.91 1.06 0.66  0.97 1.24 1.42  0.82 1.43 1.10 

Local 
GGA 

mPW91  2.33 2.58 1.79  1.49 1.54 1.83  1.77 1.90 2.06  1.86 1.89 2.01 

 BLYP  2.94 3.07 1.53  1.21 1.44 0.29  1.40 1.68 0.62  1.85 0.81 2.06 
 BLYP-D3  5.05 5.08 4.62  3.16 3.25 2.80  3.36 3.47 2.47  3.86 3.30 3.94 
 BP86  0.72 1.02 1.65  1.50 1.81 2.65  1.09 1.52 2.52  1.10 2.27 1.45 
 BP86-D3  1.76 1.92 1.07  0.79 0.87 0.08  0.99 1.20 0.20  1.18 0.45 1.33 
 PBE  2.26 2.51 1.26  1.28 1.41 0.33  1.37 1.49 0.08  1.64 0.56 1.80 
 PBE-D3  3.18 3.33 2.58  1.77 1.93 1.65  2.09 2.30 2.21  2.35 2.15 2.52 

Local 
LDA 

SVWN5  5.06 5.48 5.03  3.78 4.18 4.06  4.27 4.64 4.20  4.37 4.43 4.77 

AMUE   3.12 – 2.71  1.99 – 2.44  2.21 – 2.53  – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
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Table A.9. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or Dunning basis sets (kcal/mol) for Li+–
nucleobase and Li+–phosphate DFT binding energies without counterpoise corrections.a 

   aug-cc-pVDZ   aug-cc-pVTZ   aug-cc-pVQZ    
   Nucleobases PO4–  Nucleobases PO4–  Nucleobases PO4–  AMUE ARMSE 

Family Functional  MUE RMSE UE  MUE RMSE UE  MUE RMSE UE  Nucleobases PO4– Base 
Double-
Hybrid 

B2-PLYP  0.82 0.85 0.99  1.58 1.70 0.96  1.79 1.92 1.62  1.40 1.19 1.49 

 B2-PLYP-
D3 

 1.77 1.77 0.42  2.52 2.57 2.36  2.73 2.78 3.02  2.34 1.93 2.37 

 mPW2-
PLYP 

 1.89 1.90 0.45  2.66 2.73 2.37  2.86 2.95 3.03  2.47 1.95 2.53 

 PBE-QIDH  0.44 0.52 0.07  1.21 1.31 1.73  1.40 1.52 2.38  1.02 1.39 1.12 
 PBE0-DH  1.13 1.26 0.81  1.90 2.10 2.58  2.12 2.33 3.22  1.72 2.20 1.90 

RSH M11  2.73 2.85 1.68  2.72 2.94 3.41  3.18 3.40 3.93  2.88 3.01 3.06 
 MN12-SX  0.83 0.92 0.89  1.65 1.79 0.91  1.78 1.93 1.78  1.42 1.19 1.55 
 MN12-SX-

D3 
 1.09 1.23 0.21  1.93 2.19 1.59  1.73 2.15 2.46  1.58 1.42 1.86 

RSH 
meta-
GGA 

ωB97M-V  3.17 3.18 0.35  1.56 1.63 1.07  1.62 1.70 1.50  2.12 0.97 2.17 

RSH 
GGA 

ωB97  0.41 0.51 2.15  0.88 0.88 0.52  1.01 1.02 0.11  0.77 0.93 0.80 

 ωB97X  1.57 1.68 3.70  0.82 1.29 2.11  0.76 1.19 1.40  1.05 2.40 1.39 
 ωB97X-D  0.94 0.98 3.63  0.47 0.62 1.97  0.54 0.62 1.23  0.65 2.28 0.74 
 ωB97X-V  0.74 0.82 0.31  1.48 1.57 1.07  1.58 1.68 1.51  1.27 0.96 1.36 
 HSE06  1.42 1.57 0.25  2.21 2.43 2.10  2.47 2.70 2.73  2.03 1.69 2.23 
 HSE06-D3  2.33 2.40 1.47  3.12 3.25 3.32  3.38 3.52 3.96  2.94 2.92 3.06 
 LC-PBE  2.85 3.15 3.33  3.62 3.92 5.11  3.93 4.23 5.87  3.47 4.77 3.77 
 LC-ωPBE  1.14 1.39 0.68  2.02 2.22 2.55  2.33 2.52 3.26  1.83 2.16 2.04 
 LC-ωPBE-

XDM 
 1.65 1.85 0.68  2.64 2.92 5.13  – – –  2.15 2.91 2.39 

 LC-ωPBE-
D3 

 2.27 2.38 2.25  3.14 3.24 4.12  3.45 3.55 4.83  2.95 3.73 3.06 

 CAM-
B3LYP 

 3.22 3.27 2.11  4.11 4.21 4.06  4.38 4.49 4.76  3.90 3.64 3.99 



339 
 

 CAM-
B3LYP-D3 

 4.25 4.28 3.53  5.14 5.20 5.48  5.41 5.48 6.18  4.93 5.06 4.99 

GH 
meta-
GGA 

M06  1.11 1.51 3.00  0.97 1.22 1.32  0.98 1.23 0.32  1.02 1.55 1.32 

 M06-2X  1.48 1.51 2.05  2.33 2.40 3.29  2.82 2.89 4.31  2.21 3.22 2.27 
 M06-HF  4.41 4.58 6.83  4.91 4.96 8.72  5.75 5.80 9.66  5.02 8.40 5.11 
 MN15  0.51 0.75 1.04  1.21 1.22 0.89  1.45 1.47 0.25  1.06 0.73 1.15 
 BMK  1.73 1.99 2.23  1.08 1.44 0.77  1.01 1.34 1.69  1.27 1.56 1.59 

GH 
GGA 

BH&HLYP  3.61 3.69 3.63  4.43 4.56 5.34  4.64 4.78 5.95  4.23 4.97 4.34 

 SOGGA11-
X 

 1.32 1.37 0.62  2.47 2.56 2.47  2.49 2.59 3.06  2.09 2.05 2.17 

 B3PW91  0.44 0.78 1.87  1.12 1.17 0.02  1.33 1.36 0.70  0.96 0.86 1.10 
 B3PW91-

D3 
 1.53 1.59 0.80  2.37 2.49 2.69  2.63 2.76 3.37  2.18 2.29 2.28 

 PBE0  1.30 1.45 0.35  2.81 3.39 2.21  2.41 2.62 2.87  2.17 1.81 2.49 
 PBE0-D3  2.22 2.29 1.65  3.47 3.71 3.51  3.34 3.46 4.17  3.01 3.11 3.15 
 B3LYP  1.75 1.86 0.22  2.63 2.82 1.75  2.90 3.09 2.43  2.43 1.47 2.59 
 B3LYP-D3  3.52 3.54 2.38  4.40 4.46 4.35  4.67 4.73 5.03  4.20 3.92 4.24 
 X3LYP  2.50 2.58 0.70  3.39 3.53 2.67  3.65 3.80 3.35  3.18 2.24 3.30 
 X3LYP-D3  4.54 4.55 3.93  5.42 5.46 5.90  5.29 5.33 6.19  5.08 5.34 5.11 
 O3LYP  0.56 0.64 1.61  1.38 1.49 0.36  1.56 1.70 0.93  1.17 0.97 1.28 
 O3LYP-D3  2.68 2.70 2.68  3.62 3.66 4.66  3.84 3.88 5.23  3.38 4.19 3.41 
 B97-2  0.53 0.84 2.03  0.97 1.07 0.23  1.14 1.20 0.38  0.88 0.88 1.04 

Local 
meta-
GGA 

TPSS  0.65 0.76 1.60  1.41 1.58 0.40  1.63 1.81 1.00  1.23 1.00 1.38 

 TPSS-D3  1.58 1.61 0.15  2.70 2.75 2.22  2.92 2.98 2.82  2.40 1.73 2.45 
 M06-L  1.95 2.18 3.35  1.14 1.59 2.38  0.95 1.39 1.08  1.35 2.27 1.72 
 M11-L  1.32 1.50 1.61  0.87 1.11 0.57  1.55 1.70 2.28  1.25 1.49 1.44 
 MN12-L  1.07 1.10 0.50  1.94 2.12 1.28  2.10 2.33 2.24  1.70 1.34 1.85 
 MN15-L  1.76 1.78 2.76  0.74 1.10 1.60  0.68 1.01 1.09  1.06 1.82 1.30 

Local 
GGA 

mPW91  0.98 1.02 0.29  1.77 1.91 1.58  1.97 2.16 2.25  1.57 1.37 1.70 

 BLYP  0.79 0.93 3.08  1.53 1.87 0.90  1.82 2.16 14.69  1.38 6.22 1.65 
 BLYP-D3  2.66 2.73 0.00  3.63 3.73 2.18  3.94 4.04 2.91  3.41 1.70 3.50 
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 BP86  1.91 2.04 5.08  1.06 1.46 3.03  1.02 1.33 2.30  1.33 3.47 1.61 
 BP86-D3  0.47 0.53 2.35  1.00 1.24 0.30  1.23 1.50 0.42  0.90 1.02 1.09 
 PBE  0.62 0.70 2.42  1.34 1.49 0.29  1.68 1.89 0.42  1.21 1.04 1.36 
 PBE-D3  1.25 1.35 1.10  2.21 2.36 1.02  2.51 2.67 1.74  1.99 1.29 2.13 

Local 
LDA 

SVWN5  3.92 4.20 2.00  4.27 4.63 3.64  4.59 4.95 4.41  4.26 3.35 4.59 

AMUE   1.76 – 1.77  2.30 – 2.40  2.48 – 3.04  – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 

 

Table A.10. The mean unsigned errors (MUE), root-mean squared errors (RMSE), average mean unsigned errors (AMUE) and 
average root-mean squared errors (ARMSE) across nucleic acid components and/or Karlsruhe basis sets (kcal/mol) for Li+–
nucleobase and Li+–phosphate DFT binding energies without counterpoise corrections.a 

   def2-SVP   def2-TZVPP   def2-QZVPP    
   Nucleobases PO4–  Nucleobases PO4–  Nucleobases PO4–  AMUE ARMSE 

Family Functional  MUE RMSE UE  MUE RMSE UE  MUE RMSE UE  Nucleobases PO4– Base 
Double-
Hybrid 

B2-PLYP  6.86 6.89 10.96  1.68 1.73 2.85  1.67 1.79 2.07  3.40 5.29 3.47 

 B2-PLYP-
D3 

 7.80 7.83 12.36  2.62 2.64 4.25  2.62 2.66 3.48  4.35 6.70 4.38 

 mPW2-
PLYP 

 8.02 8.04 12.37  2.80 2.84 4.30  2.75 2.83 3.49  4.52 6.72 4.57 

 PBE-QIDH  5.06 5.12 8.72  1.10 1.23 3.08  1.33 1.45 2.73  2.50 4.85 2.60 
 PBE0-DH  5.66 5.75 9.53  1.83 2.01 3.85  2.00 2.21 3.52  3.16 5.63 3.32 

RSH M11  7.62 7.71 11.95  2.92 3.15 3.87  2.97 3.20 4.23  4.50 6.68 4.69 
 MN12-SX  5.09 5.20 7.75  1.40 1.47 1.80  1.57 1.66 1.79  2.69 3.78 2.78 
 MN12-SX-

D3 
 5.60 5.69 8.44  1.66 1.85 2.49  1.83 2.05 2.48  3.03 4.47 3.20 

RSH 
meta-
GGA 

ωB97M-V  6.99 7.03 11.49  1.79 1.84 3.17  1.56 1.63 1.99  3.45 5.55 3.50 

RSH 
GGA 

ωB97  4.92 5.01 8.72  0.69 0.72 0.67  0.85 0.85 0.18  2.15 3.19 2.19 

 ωB97X  4.48 5.12 6.74  0.93 1.30 0.78  0.75 1.24 1.16  2.05 2.89 2.55 
 ωB97X-D  4.62 5.02 6.09  0.47 0.63 0.71  0.49 0.61 0.89  1.86 2.56 2.09 
 ωB97X-V  6.13 6.20 10.42  1.49 1.58 2.81  1.37 1.48 1.80  3.00 5.01 3.09 
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 HSE06  6.39 6.49 10.42  2.14 2.35 3.48  2.24 2.48 3.00  3.59 5.63 3.77 
 HSE06-D3  7.30 7.38 11.64  3.06 3.18 4.70  3.16 3.29 4.22  4.51 6.85 4.62 
 LC-PBE  7.56 7.74 12.92  3.21 3.56 5.81  3.55 3.88 5.82  4.77 8.19 5.06 
 LC-ωPBE  6.27 6.39 11.03  1.77 2.01 3.69  1.92 2.14 3.30  3.32 6.01 3.52 
 LC-ωPBE-

XDM 
 – – –  2.10 2.30 4.11  – – –  2.10 4.11 2.30 

 LC-ωPBE-
D3 

 7.40 7.49 12.61  2.89 3.01 5.26  3.04 3.15 4.88  4.44 7.58 4.55 

 CAM-
B3LYP 

 9.43 9.48 14.52  4.03 4.12 5.60  4.04 4.16 4.91  5.83 8.35 5.92 

 CAM-
B3LYP-D3 

 10.46 10.50 15.94  5.06 5.12 7.02  5.07 5.14 6.33  6.86 9.77 6.92 

GH 
meta-
GGA 

M06  3.85 4.04 6.57  0.87 1.24 0.02  0.94 1.18 0.06  1.89 2.22 2.15 

 M06-2X  6.16 6.20 10.91  2.29 2.34 4.45  2.52 2.59 4.41  3.66 6.59 3.71 
 M06-HF  13.27 15.10 16.59  4.91 4.98 8.99  4.77 4.82 8.83  7.65 11.47 8.30 
 MN15  4.73 4.85 9.47  0.80 0.91 1.46  1.09 1.13 1.26  2.21 4.06 2.29 
 BMK  3.23 3.37 7.01  0.97 1.46 0.24  0.95 1.34 0.35  1.72 2.53 2.06 

GH 
GGA 

BH&HLYP  8.65 8.71 13.06  4.34 4.46 6.49  4.44 4.58 6.11  5.81 8.55 5.92 

 SOGGA11-
X 

 6.11 6.16 9.65  2.27 2.35 3.57  2.36 2.46 3.24  3.58 5.49 3.65 

 B3PW91  4.47 4.60 8.04  1.00 1.06 1.28  1.18 1.22 0.98  2.22 3.43 2.29 
 B3PW91-

D3 
 6.34 6.39 10.71  2.24 2.35 3.95  2.43 2.55 3.65  3.67 6.10 3.77 

 PBE0  6.23 6.33 10.31  2.86 3.55 3.66  2.19 2.41 3.14  3.76 5.70 4.10 
 PBE0-D3  7.17 7.24 11.62  3.51 3.82 4.96  3.12 3.24 4.44  4.60 7.00 4.76 
 B3LYP  7.83 7.88 12.13  2.61 2.76 3.40  2.60 2.79 2.67  4.35 6.07 4.48 
 B3LYP-D3  9.60 9.63 14.73  4.38 4.42 5.99  4.37 4.43 5.27  6.12 8.66 6.16 
 X3LYP  8.72 8.77 13.25  3.39 3.51 4.40  3.34 3.49 3.59  5.15 7.08 5.26 
 X3LYP-D3  10.75 10.79 16.48  5.43 5.46 7.63  5.37 5.41 6.83  7.18 10.31 7.22 
 O3LYP  6.20 6.29 10.29  1.49 1.68 2.90  1.37 1.46 1.45  3.02 4.88 3.14 
 O3LYP-D3  8.72 8.77 14.59  3.99 4.01 7.20  3.57 3.62 5.75  5.43 9.18 5.46 
 B97-2  4.23 4.35 7.58  0.91 0.98 1.28  1.02 1.11 0.75  2.05 3.20 2.15 
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Local 
meta-
GGA 

TPSS  5.98 6.03 9.94  1.51 1.64 2.23  1.55 1.72 1.60  3.01 4.59 3.13 

 TPSS-D3  7.27 7.30 11.76  2.80 2.84 4.05  2.84 2.90 3.42  4.30 6.41 4.35 
 M06-L  2.07 2.18 3.85  1.06 1.70 1.13  0.94 1.44 0.96  1.36 1.98 1.77 
 M11-L  1.84 1.89 2.56  1.27 1.71 0.44  1.05 1.49 0.08  1.39 1.03 1.70 
 MN12-L  4.24 4.46 6.47  1.58 1.64 1.89  1.81 1.91 1.89  2.55 3.42 2.67 
 MN15-L  2.35 2.46 4.77  0.53 0.75 0.54  0.81 1.10 0.93  1.23 2.08 1.44 

Local 
GGA 

mPW91  5.69 5.79 9.55  1.68 1.83 2.96  1.82 1.98 2.57  3.06 5.03 3.20 

 BLYP  7.86 7.90 12.11  1.58 1.84 1.32  1.46 1.76 0.14  3.63 4.52 3.83 
 BLYP-D3  9.97 9.99 15.19  3.69 3.76 4.40  3.49 3.60 3.22  5.72 7.60 5.78 
 BP86  3.75 3.86 7.16  1.09 1.46 1.39  1.02 1.43 1.94  1.95 3.49 2.25 
 BP86-D3  5.65 5.70 9.88  0.90 1.09 1.33  1.05 1.27 0.78  2.53 4.00 2.69 
 PBE  6.51 6.60 10.71  1.32 1.48 1.82  1.43 1.57 0.80  3.09 4.44 3.22 
 PBE-D3  7.44 7.50 12.03  2.26 2.38 3.14  1.97 2.19 1.49  3.89 5.55 4.02 

Local 
LDA 

SVWN5  9.57 9.79 14.80  4.21 4.57 5.37  4.38 4.74 4.82  6.05 8.33 6.37 

AMUE   6.54 – 10.55  2.25 – 3.36  2.27 – 2.88  – – – 
a) Calculated with respect to CCSD(T)/CBS values (Figure 2.2). 
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Table A.11. The percent error (PE) and average mean percent error (AMPE) across nucleic acid components (%) for Li+–
nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies evaluated with aug-cc-pVTZ. 

  Adenine Guanine Cytosine Thymine Uracil Phosphatea Favoredb 
Coor. 
Sites 

Otherc 

Coor. 
Sites 

Alld  
Coor. 
Sites 

Cation–
πe 

Coor. 
Sites 

ALL 
(w/ 

Cation–
π )f 

Coor. 
Sites 

Family Functional N6,N7 N3 Li+–
π 

N6,N1 O6,N7 N2,N3 O2,N3 N3,N4 O4 O2 Li+–π O4 O2 2NB 1B1NB 2B AMPE AMPE AMPE AMPE AMPE 

Double-
Hybrid 

B2PLYP 0.42 3.10 0.72 1.00 1.95 1.82 1.53 1.22 3.98 1.96 4.31 3.75 1.47 0.33 0.25 0.72 1.99 1.44 1.68 2.52 1.78 

 PBE-
QIDH 

0.89 1.79 3.25 0.15 1.78 0.87 1.87 0.03 2.40 0.27 1.63 2.31 0.18 0.83 0.22 1.63 1.68 0.64 1.09 1.99 1.20 

RSH 
GGA 

ωB97 2.26 0.90 2.58 2.37 0.81 4.07 0.86 1.78 1.25 0.61 13.02 1.27 0.86 0.51 0.67 2.04 1.16 1.66 1.45 7.80 2.24 

 ωB97X-D 2.64 1.31 1.44 3.08 0.32 4.20 0.85 2.07 0.25 2.70 5.08 0.21 3.22 1.30 1.51 2.83 0.93 2.62 1.89 3.26 2.06 

GH 
meta-
GGA 

M06 4.96 1.52 3.81 4.54 0.57 4.53 0.50 3.86 1.39 1.58 12.36 1.35 1.89 0.94 0.98 2.56 1.62 2.68 2.23 8.09 2.96 

 MN15 3.51 0.14 3.29 2.75 1.47 3.27 0.82 2.78 1.65 0.37 6.12 1.56 0.66 0.17 0.17 2.16 1.53 1.54 1.53 4.71 1.93 

GH 
GGA 

B3PW91 3.35 2.12 0.81 2.32 1.17 1.98 0.49 1.87 2.27 0.52 9.37 2.07 1.26 0.15 0.62 1.93 1.58 1.58 1.58 5.09 2.02 

 B97-2 3.60 1.72 0.48 2.49 0.71 2.71 0.16 2.12 1.95 0.86 9.85 1.76 1.57 0.29 0.86 2.24 1.41 1.82 1.65 5.17 2.09 

Local 
meta-
GGA 

TPSS 0.02 5.03 5.71 1.21 2.18 4.13 1.37 2.12 3.93 0.82 5.31 3.47 0.14 0.08 0.32 0.31 1.84 1.76 1.80 5.51 2.26 

 MN15-L 4.90 2.59 3.84 3.05 1.26 4.77 1.33 3.04 0.28 3.72 1.70 0.41 4.17 1.22 1.88 4.18 1.57 3.43 2.63 2.77 2.65 
Local 
GGA 

BP86-D3 0.92 4.86 5.76 0.54 1.28 2.97 0.12 0.86 3.60 0.26 5.82 2.45 1.16 0.38 0.06 0.09 1.46 1.35 1.40 5.79 1.95 

 PBE 1.49 4.92 7.10 0.42 2.36 4.82 0.77 0.71 3.72 0.52 6.93 3.22 0.41 0.44 0.32 0.88 2.00 1.63 1.79 7.02 2.44 
a) For Li+-phosphate interactions, 2NB denotes interactions involving 2 non-bridging oxygen atoms, 1B1NB denotes interactions involving 1 bridging and 1 non-bridging oxygen atom and 2B denotes interactions involving 2 
bridging oxygen atoms.   
b) AMPEs calculated over the lowest energy Li+ coordination positions for Li+–nucleobase and Li+–phosphate interactions. 
c) AMPEs calculated over all Li+ coordinated positions excluding the preferred binding locations. 
d) AMPEs calculated over all coordinated positions. 
e) AMPEs calculated over cation–π interactions. 
f) AMPEs calculated over all Li+ complexes, including cation–π interactions. 
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Table A.12. The percent error (PE) and average mean percent error (AMPE) across nucleic acid components (%) for Li+–
nucleobase and Li+–phosphate DFT binding energies evaluated with the aug-cc-pVTZ basis set without counterpoise corrections. 

  Adenine Guanine Cytosine Thymine Uracil Phosphatea Favoredb 

Coor. 
Sites 

Otherc 

Coor. 
Sites 

Alld 
Coor. 
Sites  

Cation–
πe 

Coor. 
Sites 

ALL 
(w/ 

Cation–
π )f  

Coor. 
Sites 

Family Functional N6,N7 N3 Li+–
π 

N6,N1 O6,N7 N2,N3 O2,N3 N3,N4 O4 O2 Li+–π O4 O2 2NB 1B1NB 2B AMPE AMPE AMPE AMPE AMPE 

Double-
Hybrid 

B2PLYP 0.99 3.64 1.92 1.54 2.36 2.53 1.93 1.81 4.47 2.44 2.14 4.23 1.97 0.59 0.51 0.42 2.43 1.86 2.10 2.03 2.09 

 PBE-
QIDH 

0.42 2.21 4.36 0.28 2.13 0.30 2.21 0.51 2.81 0.66 0.93 2.71 0.24 1.06 0.45 1.36 1.89 0.75 1.24 2.04 1.34 

RSH 
GGA 

ωB97 1.68 1.52 1.51 1.79 1.21 3.31 1.27 1.16 1.78 0.10 3.78 1.78 0.34 0.32 0.47 1.80 1.34 1.31 1.32 6.18 1.93 

 ωB97X-D 2.43 1.52 1.88 2.88 0.47 3.93 0.69 1.84 0.50 2.45 4.06 0.03 2.96 1.20 1.40 2.69 0.89 2.46 1.79 2.97 1.93 

GH 
meta-
GGA 

M06 4.58 1.91 2.86 4.16 0.82 4.02 0.22 3.41 1.78 1.19 10.42 1.75 1.47 0.81 0.83 2.36 1.66 2.42 2.09 6.64 2.66 

 MN15 2.70 0.98 4.69 1.94 2.02 2.17 1.38 1.95 2.32 0.27 3.28 2.21 0.01 0.55 0.19 1.75 1.86 1.16 1.46 3.98 1.78 

GH 
GGA 

B3PW91 3.00 2.50 1.49 1.98 1.43 1.51 0.74 1.49 2.63 0.17 8.03 2.42 0.90 0.01 0.46 1.74 1.71 1.34 1.50 4.76 1.91 

 B97-2 3.25 2.08 1.12 2.16 0.96 2.27 0.41 1.75 2.30 0.52 8.56 2.10 1.21 0.14 0.70 2.06 1.53 1.59 1.57 4.84 1.97 

Local 
meta-
GGA 

TPSS 0.3 5.36 6.32 1.52 2.41 4.55 1.62 2.46 4.27 1.15 6.53 3.8 0.48 0.25 0.48 0.11 2.11 2.01 2.05 6.42 2.60 

 MN15-L 4.42 2.13 4.69 2.60 0.94 4.10 0.99 2.55 0.11 3.36 0.42 0.03 3.81 0.98 1.62 3.89 1.25 3.00 2.25 2.56 2.29 

Local 
GGA 

BP86-D3 0.44 5.38 6.64 0.06 1.62 3.61 0.23 1.37 4.06 0.19 7.52 2.89 0.70 0.19 0.25 0.14 1.57 1.46 1.51 7.08 2.21 

 PBE 0.79 5.66 8.3 0.27 1.88 3.92 1.27 1.43 4.35 1.14 9.2 3.83 0.23 0.18 0.07 0.58 2.05 1.66 1.83 8.75 2.69 
a) For Li+-phosphate interactions, 2NB denotes interactions involving 2 non-bridging oxygen atoms, 1B1NB denotes interactions involving 1 bridging and 1 non-bridging oxygen atom and 2B denotes interactions involving 2 
bridging oxygen atoms.   
b) AMPEs calculated over the lowest energy Li+ coordination positions for Li+–nucleobase and Li+–phosphate interactions. 
c) AMPEs calculated over all Li+ coordinated positions excluding the preferred binding locations. 
d) AMPEs calculated over all coordinated positions. 
e) AMPEs calculated over cation–π interactions. 
f) AMPEs calculated over all Li+ complexes, including cation–π interactions. 

 
 

 



345 
 

Table A.13. The percent error (PE) and absolute difference (Abs. Differ.) across MP2/aug-cc-pVTZ and DFT/aug-cc-pVTZ 
optimized nucleic acid components (%) for Li+–nucleobase and Li+–phosphate counterpoise-corrected DFT binding energies 
evaluated with the aug-cc-pVTZ basis set. 

  Adenine Guanine Cytosine Thymine Uracil Phosphate AMPE   

Family Functional MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

MP2 DFT Abs. 
Differ. 

Double-
Hybrid 

B2PLYP 0.42 0.36 0.07 1.95 1.99 0.04 1.53 1.58 0.05 3.98 4.05 0.08 3.75 3.83 0.08 0.33 0.31 0.02 1.99 2.02 0.03 

 PBE-
QIDH 

0.89 1.00 0.10 1.78 1.73 0.05 1.87 1.84 0.03 2.40 2.35 0.05 2.31 2.25 0.06 0.83 0.78 0.05 1.68 1.66 0.02 

RSH 
GGA 

ωB97 2.26 2.42 0.15 0.81 0.88 0.07 0.86 0.92 0.06 1.25 1.27 0.01 1.27 1.28 0.01 0.51 0.50 0.01 1.16 1.21 0.05 

 ωB97X-D 2.64 2.66 0.03 0.32 0.48 0.17 0.85 0.69 0.16 0.25 0.30 0.04 0.21 0.22 0.00 1.30 1.32 0.03 0.93 0.95 0.02 

GH 
meta-
GGA 

M06 4.96 5.13 0.17 0.57 0.49 0.08 0.50 0.61 0.11 1.39 1.33 0.06 1.35 1.27 0.08 0.94 1.01 0.07 1.62 1.64 0.02 

 MN15 3.51 3.79 0.28 1.47 1.47 0.00 0.82 0.74 0.09 1.65 1.72 0.08 1.56 1.64 0.08 0.17 0.14 0.03 1.53 1.58 0.05 

GH 
GGA 

B3PW91 3.35 3.56 0.20 1.17 1.17 0.00 0.49 0.46 0.02 2.27 2.32 0.04 2.07 2.11 0.04 0.15 0.22 0.08 1.58 1.64 0.06 

 B97-2 3.60 3.73 0.13 0.71 0.73 0.02 0.16 0.17 0.01 1.95 1.99 0.05 1.76 1.79 0.04 0.29 0.34 0.05 1.41 1.46 0.05 

Local 
meta-
GGA 

TPSS 0.02 0.11 0.09 2.18 2.08 0.10 1.37 1.42 0.04 3.93 4.12 0.18 3.47 3.65 0.18 0.08 0.15 0.08 1.84 1.92 0.08 

 MN15-L 4.90 4.78 0.12 1.26 1.02 0.24 1.33 1.20 0.12 0.28 0.11 0.17 0.41 0.02 0.40 1.22 1.23 0.02 1.57 1.39 0.17 

Local 
GGA 

BP86-D3 0.92 1.05 0.12 1.28 1.31 0.03 0.12 0.09 0.03 3.60 3.83 0.23 2.45 2.67 0.22 0.38 0.52 0.14 1.46 1.58 0.12 

 PBE 1.49 1.61 0.12 2.36 2.27 0.09 0.77 0.83 0.05 3.72 3.93 0.21 3.22 3.43 0.21 0.44 0.58 0.14 2.00 2.11 0.11 
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Figure A.1. MPEs for Li+–nucleobase counterpoise-corrected DFT binding energies 
evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and def2- TZVPP 
(blue) basis sets relative to CCSD(T)/CBS reference values.  

 

 
Figure A.2. PEs for Li+–phosphate counterpoise-corrected DFT binding energies 
evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and def2-TZVPP (blue) 
basis sets relative to CCSD(T)/CBS reference values.  
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Figure A.3. MUEs for Li+–nucleobase counterpoise-corrected DFT binding energies 
evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and def2-TZVPP (blue) 
basis sets relative to CCSD(T)/CBS reference values.  

 

 
Figure A.4. UEs for Li+–phosphate counterpoise-corrected DFT binding energies 
evaluated with the 6-311+G(3df,2p) (red), aug-cc-pVTZ (yellow) and def2-TZVPP (blue) 
basis sets relative to CCSD(T)/CBS reference values. 
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Figure A.5. AMPEs overall basis sets for Li+–nucleobase counterpoise and dispersion-
corrected DFT binding energies relative to CCSD(T)/CBS reference values. 

 

 
Figure A.6. AMPEs overall basis sets for Li+–phosphate counterpoise and dispersion-
corrected DFT binding energies relative to CCSD(T)/CBS reference values. 
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Figure A.7. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate DFT 
dispersion-corrected binding energies relative to CCSD(T)/CBS reference values without 
counterpoise corrections. 

 

 
Figure A.8. Signed errors for Li+–nucleobase and Li+–phosphate DFT binding energies 
without counterpoise corrections, where negative values (red shades) represent over 
binding relative to CCSD(T)/CBS reference values. 
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Figure A.9. AMPEs over all basis sets for Li+–nucleobase and Li+–phosphate DFT binding 
energies without counterpoise corrections relative to the CCSD(T)/CBS reference values 
arranged in ascending order of accuracy within families. 

 

 
Figure A.10. AMPEs over Karlsruhe basis sets for Li+–nucleobase and Li+–phosphate 
counterpoise-corrected DFT binding energies relative to CCSD(T)/CBS reference values. 
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Figure A.11. MPEs of Li+–nucleobase and Li+–phosphate DFT binding energies with 
(dark) and without (light) counterpoise corrections relative to CCSD(T)/CBS reference 
values for A) 6-311+G(3df,2p), B) aug-cc-pVTZ, and C) def2-TZVPP. 
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Figure A.12. MPEs of Li+–nucleobase and Li+–phosphate DFT binding energies with 
(dark) and without (light) counterpoise corrections relative to CCSD(T)/CBS reference 
values for A) aug-cc-pVDZ, B) aug-cc-pVTZ, and C) aug-cc-pVQZ. 
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Figure A.13. MPEs of Li+–nucleobase and Li+–phosphate DFT binding energies with 
(dark) and without (light) counterpoise corrections relative to CCSD(T)/CBS reference 
values for A) def2-SVP, B) def2-TZVPP, and C) def2-QZVPP. 
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Figure A.14. AMPEs across the favored nucleic acid coordination sites (dark purple), other 
(nonpreferred) coordination sites (medium purple), all coordination sites (light purple), 
only cation–π interactions (dark blue) and all binding locations (including cation–π, 
medium blue), for Li+–nucleobase and Li+–phosphate DFT binding energies evaluated with 
the aug-cc-pVTZ basis set relative to CCSD(T)/CBS reference values without counterpoise 
corrections. 

 

 
Figure A.15. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all A binding sites (including cation–π interactions). 
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Figure A.16. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all G and C coordination sites. 

 

 

Figure A.17. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all T binding sites (including cation–π interactions). 
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Figure A.18. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all U coordination sites. 

 

 
Figure A.19. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for all phosphate coordination sites (2NB denotes the 
interaction involving 2 non-bridging oxygen atoms, 1B1NB denotes 1 bridging and 1 non-
bridging oxygen, and 2B denotes 2 bridging oxygens). 
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Figure A.20. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for A (N7, N3, N1), G (N3), C (NH2), T (O4, O2) and U (O4, 
O2) coordination sites. 

 

 
Figure A.21. Comparison of CCSD(T)/CBS and counterpoise-corrected DFT/aug-cc-
pVTZ binding energies (BE) for preferred nucleobase coordination sites. 
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Figure A.22. Comparison of AMPE relative to the CCSD(T)/CBS reference values for the 
counterpoise-corrected DFT/aug-cc-pVTZ binding energies calculated with MP2/aug-cc-
pVTZ and DFT/aug-cc-pVTZ optimized geometries of the preferred nucleobase and 
phosphate coordination complexes. 
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Appendix B 

Supplementary Information for Chapter 3: Generation of an Accurate 
CCSD(T)/CBS Data Set and Assessment of DFT Methods for the Binding Strengths 

of Group I Metal–Nucleic Acid Complexes 

Contains Tables B.1–B.9 and Figures B.1–B.6
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Table B.1. Metal–nucleic acid coordination distances (Å) between each group I metal (Li+, Na+, K+, Rb+, or Cs+) and nucleic acid 
component (A, C, T, G, U, or P).a 

Binding Site  Li+ Na+ K+ Rb+ Cs+ 

A(N6–N7) X···N6 2.081 2.467 2.884 3.032 3.195 
 X···N7 1.961 2.349 2.777 2.947 3.138 

A(N1–N6) X···N1 1.965 2.360 2.765 2.923 3.074 
 X···N6 2.042 2.460 2.896 3.057 3.236 

A(N3) X···N3 1.887 2.283 2.696 2.862 3.013 
G(O6–N7) X···O6 1.927 2.278 2.635 2.782 2.923 

 X···N7 2.030 2.387 2.790 2.951 3.121 
G(N2–N3) X···N2 2.050 2.437 2.921   

 X···N3 1.949 2.352 2.783   
C(O2–N3) X···O2 1.859 2.209 2.560 2.707 2.836 

 X···N3 2.058 2.471 2.911 3.082 3.268 
C(N3–N4) X···N3 1.938     

 X···N4 2.114     
T(O4) X···O4 1.706 2.100 2.490 2.651 2.798 
T(O2) X···O2 1.709 2.103 2.497 2.659 2.813 
U(O4) X···O4 1.710 2.103 2.495 2.656 2.808 
U(O2) X···O2 1.713 2.109 2.506 2.669 2.826 

P(2NB) X···O(NB) 1.860 2.212 2.545 2.684 2.790 
 X···O(NB) 1.862 2.212 2.545 2.684 2.790 

P(1B1NB) X···O(B) 1.875 2.253 2.625 2.772 2.926 
 X···O(NB) 1.784 2.121 2.446 2.582 2.669 

P(2B) X···O(B) 1.800 2.400 2.802 2.915 3.103 
 X···O(B) 1.800 2.606 2.801 2.946 3.103 
 X···O(NB)b  2.191 2.510 2.648 2.726 

aEmpty spaces within the table indicate that specific metal–nucleic acid complex could not be isolated. See Figure 3.2 for definitions of 
complexes considered in the present work. bCoordination to a non-bridging oxygen in the dimethylphosphate model also occurs for all 
metals except Li+ as shown in Figure B.1. 
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Table B.2. CCSD(T)/CBS binding strengths of group I metal–nucleic acid complexes in kcal/mol.a 
Binding Site Li+ Na+ K+ Rb+ Cs+ 

A(N6–N7) –51.1 –36.0 –19.4 –16.5 –14.2 
A(N1–N6) –48.9 –34.7 –19.6 –17.1 –15.1 

A(N3) –44.4 –31.5 –18.0 –15.7 –13.8 
G(O6–N7) –73.0 –58.0 –39.9 –36.4 –33.4 
G(N2–N3) –40.6 –26.1 –11.3   
C(O2–N3) –69.3 –53.8 –36.6 –33.2 –30.5 
C(N3–N4) –47.5     

T(O4) –50.4 –36.3 –23.8 –21.4 –19.5 
T(O2) –48.8 –34.9 –22.7 –20.4 –18.6 
U(O4) –50.3 –36.4 –24.1 –21.7 –19.8 
U(O2) –46.7 –33.2 –21.3 –19.1 –17.3 
P(2NB) –163.9 –140.3 –115.3 –110.0 –105.5 

P(1B1NB) –157.8 –135.4 –111.8 –106.8 –102.7 
P(2B) –143.3 –133.3 –110.6 –105.8 –102.0 

aEmpty spaces within the table indicate that specific metal–nucleic acid complex could not be isolated. See Figure 3.2 for definitions of complexes 
considered in the present work.   
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Table B.3. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across Li+–nucleic acid complexes for each functional relative to CCSD(T)/CBS reference values, 
as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  
Double-Hybrid B2-PLYP  1.0 0.6 0.2 2.2  0.7 0.5 0.1 1.9   

 B2-PLYP-D3  2.7 0.9 1.3 4.2  1.8 0.7 0.9 3.7 P(1B1NB,2B)  
 mPW2-PLYP  2.8 0.9 1.3 4.3 P(2NB), T(O4), U(O4), A(N3) 1.8 0.5 1.2 2.7   
 PBE-QIDH  0.7 0.4 0.1 1.4  0.4 0.2 0.1 0.8   
 PBE0-DH  1.4 1.1 0.1 3.5  0.9 0.7 0.0 1.9   
 DSD-PBEP86  0.7 0.4 0.1 1.5 U(O2) 0.5 0.4 0.1 1.5   

RSH M11  2.3 1.5 0.3 4.6  1.6 1.0 0.2 3.3   
 MN12-SX  1.1 0.8 0.1 2.3  0.7 0.5 0.0 2.1 P(2B)  
 MN12-SX-D3  1.1 1.0 0.1 3.0  0.7 0.5 0.1 1.5   

RSH meta-GGA ωB97M-V  1.3 0.6 0.4 2.3  0.9 0.4 0.2 1.6   
RSH GGA ωB97  1.5 1.5 0.0 5.2  0.8 0.6 0.0 2.1   

 ωB97X  3.4 2.1 1.5 8.3  2.0 0.8 0.9 3.4   
 ωB97X-D  2.4 1.4 0.5 5.0  1.5 0.6 0.3 2.4   
 ωB97X-D3  4.9 1.4 3.0 7.0  3.3 1.5 1.5 5.8 P(2B,2NB)  
 ωB97X-V  0.9 0.6 0.1 2.1  0.6 0.4 0.0 1.3   
 ωB97X-D4  2.2 0.8 1.3 4.2  1.5 0.7 0.5 2.8   
 HSE06  1.8 1.3 0.0 4.6  1.2 0.7 0.0 2.3   
 HSE06-D3  3.4 1.4 1.8 6.7  2.2 0.8 1.1 3.2   
 LC-PBE  3.6 2.1 0.9 6.9  2.3 1.3 0.6 4.8   
 LC-ωPBE  1.2 1.2 0.2 3.7  0.9 0.8 0.1 2.2   
 LC-ωPBE-D3  3.2 1.2 1.9 6.2 A(N3) 2.1 0.9 1.0 3.3   
 CAM-B3LYP  4.7 1.7 2.2 7.1  3.0 0.8 1.7 4.1   
 CAM-B3LYP-D3  6.6 2.0 3.1 9.4 P(1B1NB,2B,2NB), A(N3), T/U(O4) 4.1 0.9 2.8 5.5   

GH meta-GGA M06  2.4 2.0 0.4 5.6  1.4 0.9 0.2 2.8   
 M06-2X  2.3 0.7 1.2 3.7 P(2B), A(N3) 1.5 0.5 0.9 2.8   
 M06-HF  6.7 2.1 2.7 9.5 P(1B1NB,2B) 4.2 1.1 3.1 7.0   
 MN15  1.6 1.4 0.1 4.1  0.8 0.6 0.1 1.9   
 BMK  3.0 2.3 0.7 7.5  1.7 0.9 0.5 3.3   
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 PW6B95  2.4 1.1 0.9 4.4  1.6 0.7 0.4 2.6   
GH GGA BH&HLYP  5.3 2.2 1.9 8.4  3.3 1.0 1.2 4.7   

 SOGGA11-X  1.9 1.0 0.1 3.6  1.2 0.6 0.0 2.0   
 B3PW91  1.4 1.3 0.2 3.7  0.7 0.6 0.1 1.9   
 B3PW91-D3  2.3 1.3 0.9 5.5 A(N3) 1.6 0.9 0.4 3.3   
 PBE0  1.8 1.3 0.1 4.5  1.2 0.7 0.0 2.2   
 PBE0-D3  3.4 1.4 2.0 6.5  2.2 0.8 1.2 3.2   
 B3LYP  2.4 1.4 0.7 4.9  1.6 0.8 0.4 2.7   
 B3LYP-D3  5.6 1.7 2.6 8.7  3.6 1.1 2.6 6.1 P(2B)  
 B3LYP-D4  3.5 1.6 1.6 6.5  2.2 0.9 1.0 3.6   
 X3LYP  3.7 1.5 1.6 6.3  2.3 0.8 1.2 3.5   
 X3LYP-D3  7.3 2.0 3.6 10.6  4.7 1.2 3.4 7.5 P(2B)  
 O3LYP  1.0 0.9 0.1 3.3 A(N3) 0.6 0.4 0.1 1.5   
 O3LYP-D3  5.1 1.8 3.0 8.7  3.4 1.4 1.4 6.4 P(2B)  
 B97-2  1.4 1.3 0.0 3.7  0.8 0.5 0.0 1.9   
 TPSSh  1.4 1.1 0.1 3.9  1.0 0.7 0.0 2.4   

Local meta-
GGA revTPSS  1.1 0.8 0.0 2.7  0.8 0.6 0.0 2.4 P(2B)  

 TPSS  1.3 1.0 0.0 3.6 A(N3) 0.9 0.8 0.0 2.9 P(2B)  
 TPSS-D3  3.2 1.7 1.2 6.5  2.2 1.3 0.6 5.3 P(2B)  
 TPSS-D4  1.8 1.5 0.0 5.1  1.3 1.1 0.0 3.7   
 M06-L  3.3 2.4 0.8 7.6  1.9 1.0 0.4 3.9   
 M11-L  3.5 1.9 1.0 6.4  2.3 1.4 0.4 5.5   
 MN12-L  1.3 0.7 0.1 2.1  0.9 0.6 0.2 2.5 P(2B)  
 MN15-L  3.3 1.6 0.7 5.6  1.9 0.6 1.2 3.1   

Local GGA mPW91  1.1 1.1 0.0 3.5  0.7 0.6 0.0 1.6   
 BLYP  1.2 1.0 0.0 3.2  0.8 0.9 0.0 3.3   
 BLYP-D3  4.4 1.9 1.8 7.8  2.9 1.6 1.2 7.3 P(2B)  
 BP86  3.6 2.2 0.2 7.2  2.1 1.0 0.3 3.7   
 BP86-D3  1.4 1.0 0.1 3.0  1.0 0.8 0.1 3.2 P(2B)  
 PBE  1.3 0.9 0.0 3.6 A(N3) 0.8 0.6 0.0 2.4 P(2B)  
 PBE-D3  2.0 1.7 0.0 5.6  1.4 1.2 0.0 4.2 P(2B)  
 PBE-D4  1.6 1.2 0.2 4.7  1.0 0.8 0.1 3.0 P(2B)  
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Table B.4. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across Na+–nucleic acid complexes for each functional relative to CCSD(T)/CBS reference values, 
as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliera 

Double-Hybrid B2-PLYP  3.5 2.1 1.5 7.9 A(N3), G(N3) 1.6 0.6 0.6 2.5  
 B2-PLYP-D3  1.1 0.9 0.0 2.9  0.4 0.3 0.0 0.9  
 mPW2-PLYP  1.6 1.6 0.5 5.3 A(N3,N7), G(N3) 0.7 0.5 0.2 1.5  
 PBE-QIDH  4.9 3.2 1.4 12.7 A(N3,N7) 2.1 0.7 1.1 3.3  
 PBE0-DH  3.4 3.2 0.6 11.2 A(N7), G(N3) 1.4 0.8 0.3 2.9 G(N3) 
 DSD-PBEP86  3.6 1.7 0.9 6.5 P(1B1NB,2B,2NB) 1.6 0.4 1.1 2.2  

RSH M11  2.2 3.0 0.1 9.4 A(N1,N7), G(N3) 0.8 0.9 0.0 2.5 A(N1,N7), G(N3) 
 MN12-SX  4.3 3.4 1.3 12.5 A(N7), G(N3) 1.9 0.9 0.5 3.3  
 MN12-SX-D3  2.7 2.7 0.2 9.4 A(N1,N7), G(N3) 1.1 0.8 0.1 2.5  

RSH meta-GGA ωB97M-V  1.2 1.5 0.0 5.2 G(N3) 0.4 0.4 0.0 1.3 A(N7), G(N3) 
RSH GGA ωB97  3.5 3.1 1.2 11.6 A(N1,N7), G(N3) 1.5 0.7 0.5 3.0 G(N3) 

 ωB97X  5.5 4.1 2.0 15.7 A(N1,N7), G(N3) 2.4 1.0 1.1 4.1  
 ωB97X-D  5.3 3.2 2.4 13.2 G(N3) 2.5 0.8 1.1 3.4  
 ωB97X-D3  3.6 1.1 2.0 5.7 U(O2), A(N3,N7) 2.1 1.5 0.7 5.2 P(1B1NB,2B,2NB) 
 ωB97X-V  1.8 2.0 0.3 7.3 G(N3) 0.7 0.5 0.1 1.9 A(N1,N7), G(N3) 
 ωB97X-D4  1.5 0.7 0.8 2.8  0.9 0.6 0.3 1.9 P(2B) 
 HSE06  2.3 2.7 0.1 8.2 A(N7), G(N3) 1.0 0.8 0.0 2.4  
 HSE06-D3  1.6 1.3 0.1 3.4  0.7 0.3 0.0 1.1  
 LC-PBE  2.7 3.0 0.3 10.8 G(N3) 1.1 0.8 0.1 2.8  
 LC-ωPBE  3.8 3.5 0.8 12.5 A(N7), G(N3) 1.5 0.9 0.7 3.3 A(N7), G(N3) 
 LC-ωPBE-D3  1.6 1.8 0.3 6.7 A(N1,N7), G(N3) 0.7 0.4 0.3 1.7 G(N3) 
 CAM-B3LYP  2.4 1.3 0.4 4.4 U(O4) 1.0 0.3 0.5 1.6  
 CAM-B3LYP-D3  4.1 2.1 1.3 7.2  2.0 0.8 0.3 2.9 G(N3) 

GH meta-GGA M06  7.9 5.0 2.9 18.9 A(N7), G(N3) 3.5 1.1 2.0 5.4  

Local LDA SVWN5  5.0 2.7 1.4 10.1  3.2 1.5 0.7 5.6   
aComplexes resulting in an outlier in the boxplot are listed according to the nucleic acid component (A, C, T, G, U, or P) and binding site (in parentheses). See Figure 3.2 for 
definitions of the complexes considered in present work and Figure 3.4 for the outliers. 
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 M06-2X  1.1 1.4 0.0 4.8 A(N1,N7),G(N3) 0.4 0.4 0.1 1.2  
 M06-HF  2.6 0.8 1.4 3.8  1.4 0.8 0.5 3.7 P(2B) 
 MN15  5.2 3.7 1.5 13.7 G(N3) 2.2 0.8 1.2 3.8 A(N7), G(N3) 
 BMK  6.7 4.9 1.9 17.8 G(N3) 2.9 1.1 1.3 4.8  
 PW6B95  2.0 2.5 0.1 7.3 A(N1,N7),G(N3) 0.7 0.7 0.1 2.2 A(N1,N7), G(N3) 

GH GGA BH&HLYP  2.8 2.2 0.1 8.5 G(N3) 1.2 0.6 0.1 2.2  
 SOGGA11-X  3.1 3.0 0.4 11.2 G(N3) 1.3 0.8 0.1 2.9  
 B3PW91  6.3 4.0 2.2 14.9 A(N7), G(N3) 2.8 1.0 1.4 4.4  
 B3PW91-D3  1.8 1.7 0.1 5.4 G(N3) 0.7 0.5 0.1 1.4  
 PBE0  2.4 2.7 0.0 8.4 A(N7), G(N3) 1.0 0.8 0.0 2.4  
 PBE0-D3  1.5 1.2 0.1 3.8  0.6 0.3 0.0 1.0  
 B3LYP  2.1 2.3 0.1 7.0 A(N1,N7), G(N3) 0.9 0.7 0.0 2.2  
 B3LYP-D3  3.0 1.8 1.3 6.3 A(N3) 1.5 0.6 0.5 2.3 P(2B) 
 B3LYP-D4  1.9 1.5 0.3 4.4 A(N3), T(O4), U(O4) 0.8 0.4 0.4 1.6 T(O4) 
 X3LYP  1.7 1.5 0.1 4.4  0.6 0.4 0.1 1.4  
 X3LYP-D3  6.0 2.1 2.9 9.9  2.9 0.9 1.9 4.6  
 O3LYP  5.6 3.2 2.3 11.6  2.6 1.0 1.0 3.9  
 O3LYP-D3  2.6 1.9 0.1 7.3 A(N3) 1.5 1.1 0.1 3.9  
 B97-2  6.5 4.0 2.4 15.4 A(N7), G(N3) 2.9 1.0 1.5 4.4  
 TPSSh  3.5 2.5 1.1 7.9  1.6 0.7 0.5 2.8 A(N3,N7), U(O4) 

Local meta-GGA revTPSS  4.0 2.2 1.1 7.8  1.8 0.6 0.6 2.8  
 TPSS  3.7 2.3 0.9 8.0  1.7 0.7 0.3 2.9 A(N3) 
 TPSS-D3  1.4 1.0 0.0 3.6 A(N3) 0.6 0.3 0.0 1.1  
 TPSS-D4  1.8 1.4 0.0 4.7  0.8 0.5 0.0 1.7  
 M06-L  8.0 5.0 2.6 18.0 A(N7), G(N3) 3.5 1.1 1.9 5.6  
 M11-L  7.4 4.3 2.0 16.2  3.3 0.9 1.8 4.7  
 MN12-L  5.9 4.4 1.7 16.5 A(N7), G(N3) 2.5 1.0 1.0 4.3  
 MN15-L  5.7 3.1 1.8 12.5  2.5 0.6 1.5 3.3 A(N7), T(O4), U(O4) 

Local GGA mPW91  4.0 3.4 1.2 11.6 A(N1), G(N3) 1.8 0.9 0.6 3.3  
 BLYP  3.2 2.1 0.2 7.4  1.6 0.9 0.1 3.1  
 BLYP-D3  2.5 2.2 0.3 7.6 A(N3) 1.1 0.7 0.1 2.4  
 BP86  7.4 3.5 3.0 13.3  3.5 1.1 1.6 4.9  
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 BP86-D3  2.6 1.7 0.1 4.7  1.1 0.6 0.1 1.9  
 PBE  3.0 1.9 1.0 6.9  1.4 0.7 0.4 2.5  
 PBE-D3  1.5 1.3 0.2 4.4  0.6 0.4 0.1 1.4  
 PBE-D4  1.7 1.4 0.2 4.4  0.8 0.5 0.2 1.6  

Local LDA SVWN5  4.4 3.0 0.4 10.5  2.2 1.2 0.1 4.0  
aComplexes resulting in an outlier in the boxplot are listed according to the nucleic acid component (A, C, T, G, U, or P) and binding site (in parentheses). See Figure 3.2 for 
definitions of the complexes considered in present work and Figure 3.4 for the outliers. 

 
 
Table B.5. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across K+–nucleic acid complexes for each functional relative to CCSD(T)/CBS reference values, 
as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa 

Double-Hybrid B2-PLYP  1.1 0.9 0.2 2.9  0.3 0.2 0.1 0.6 P(2NB) 
 B2-PLYP-D3  4.4 3.1 1.2 11.7  1.2 0.5 0.5 2.3 P(2B) 
 mPW2-PLYP  1.2 1.3 0.2 4.6 G(N3) 0.3 0.1 0.1 0.5  
 PBE-QIDH  1.1 0.8 0.1 3.1 G(N3) 0.3 0.2 0.1 0.7 G(N7) 
 PBE0-DH  1.6 1.2 0.1 4.6 G(N3) 0.4 0.2 0.1 1.0 G(N7) 
 DSD-PBEP86  3.0 2.8 0.5 9.7  0.9 0.6 0.1 2.1 P(2B) 

RSH M11  2.8 2.2 0.0 5.6  1.0 0.6 0.0 2.1 G(N7) 
 MN12-SX  2.8 1.9 0.6 6.5  0.9 0.6 0.1 2.1  
 MN12-SX-D3  6.6 3.1 2.1 11.5  2.0 0.7 1.1 3.5 P(2NB) 

RSH meta-GGA ωB97M-V  1.0 1.2 0.2 4.5 G(N3) 0.3 0.2 0.0 0.5  
RSH GGA ωB97  1.2 1.0 0.0 4.1 G(N3) 0.3 0.2 0.0 0.6  

 ωB97X  1.4 1.2 0.0 4.4 G(N3) 0.3 0.2 0.0 0.8 G(N7) 
 ωB97X-D  5.7 3.8 1.1 13.3 G(N3) 1.5 0.5 0.6 2.6  
 ωB97X-D3  12.2 7.2 5.3 30.0 G(N3) 3.8 1.9 1.8 7.8 P(2B,2NB) 
 ωB97X-V  1.1 1.0 0.1 4.0 G(N3) 0.3 0.1 0.1 0.5  
 ωB97X-D4  9.6 5.2 3.4 22.2 G(N3) 2.9 1.0 1.6 4.8  
 HSE06  1.9 1.5 0.1 5.1  0.4 0.2 0.1 0.8  
 HSE06-D3  4.9 2.9 1.4 10.4  1.4 0.5 0.6 2.2  
 LC-PBE  2.7 2.4 0.2 7.9  0.7 0.5 0.0 1.9 G(N7) 
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 LC-ωPBE  1.7 1.5 0.0 4.7  0.4 0.3 0.1 1.1  
 LC-ωPBE-D3  5.8 3.1 2.0 12.2 A(N3), G(N3) 1.8 0.6 0.9 2.8  
 CAM-B3LYP  2.1 2.2 0.1 7.6 G(N3) 0.5 0.3 0.0 0.9  
 CAM-B3LYP-D3  5.4 2.5 1.6 9.7 A(N3), P(2NB) 1.6 0.5 1.0 2.4  

GH meta-GGA M06  2.0 1.5 0.1 5.7 A(N3) 0.5 0.3 0.2 1.0  
 M06-2X  0.9 0.7 0.0 2.2  0.3 0.3 0.0 0.8  
 M06-HF  2.0 1.3 0.3 4.0  0.7 0.6 0.1 2.0  
 MN15  1.7 1.8 0.1 6.3 A(N7), G(N3) 0.4 0.2 0.1 0.8  
 BMK  1.7 1.5 0.2 4.3  0.5 0.4 0.0 1.3  
 PW6B95  1.8 2.0 0.1 6.7 G(N3) 0.4 0.3 0.1 0.9  

GH GGA BH&HLYP  3.0 2.4 0.2 9.3 G(N3) 0.8 0.4 0.2 1.6  
 SOGGA11-X  1.4 1.3 0.1 4.0  0.4 0.3 0.0 0.9  
 B3PW91  1.7 1.3 0.0 4.4  0.4 0.3 0.0 0.9  
 B3PW91-D3  9.5 5.9 3.0 23.6 G(N3) 2.7 0.8 1.4 4.5  
 PBE0  1.8 1.4 0.1 4.8  0.4 0.2 0.1 0.8  
 PBE0-D3  4.3 2.5 1.3 9.2  1.3 0.5 0.5 2.1  
 B3LYP  1.8 1.7 0.1 5.4  0.4 0.2 0.0 0.8  
 B3LYP-D3  8.4 4.8 2.5 19.4 G(N3) 2.4 0.7 1.4 4.0 P(2B) 
 B3LYP-D4  5.5 3.0 1.3 10.5  1.5 0.4 1.0 2.2  
 X3LYP  1.9 1.9 0.2 6.3  0.5 0.3 0.0 0.9  
 X3LYP-D3  11.6 6.9 4.0 28.3  3.4 1.2 1.8 6.0 P(2B) 
 O3LYP  2.1 1.8 0.1 4.9  0.6 0.3 0.0 0.9 T(O4) 
 O3LYP-D3  15.5 11.0 6.2 43.6  4.6 2.1 1.8 8.7 P(2B) 
 B97-2  1.6 1.3 0.0 3.8  0.4 0.2 0.1 0.7  
 TPSSh  1.4 1.1 0.0 4.2 A(N3) 0.4 0.2 0.0 0.8 A(N3), C(O2), G(N3), P(1B1NB) 

Local meta-GGA revTPSS  1.5 1.4 0.1 4.0  0.4 0.3 0.1 1.1  
 TPSS  1.6 1.4 0.1 4.5  0.4 0.3 0.0 1.0  
 TPSS-D3  5.8 4.8 1.1 17.8 A(N3), G(N3) 1.6 0.8 0.5 3.3 P(2B) 
 TPSS-D4  4.3 3.7 0.6 13.1 G(N3) 1.1 0.6 0.4 2.3  
 M06-L  2.0 2.0 0.5 8.1 A(N3) 0.6 0.5 0.1 1.6 P(2B), A(N3) 
 M11-L  2.9 2.2 0.4 9.4 A(N3) 0.9 0.6 0.1 2.4 P(2NB) 
 MN12-L  3.2 2.4 0.5 8.4  1.0 0.7 0.1 2.2  
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 MN15-L  1.3 0.8 0.2 2.5  0.4 0.3 0.1 1.2 P(1B1NB,2B) 
Local GGA mPW91  1.8 1.4 0.0 4.5  0.4 0.2 0.0 0.9  

 BLYP  2.3 1.7 0.3 5.5  0.7 0.5 0.1 1.9  
 BLYP-D3  8.7 6.9 1.7 26.3 G(N3) 2.3 0.9 1.1 4.2  
 BP86  1.8 1.7 0.1 4.8  0.6 0.4 0.0 1.4  
 BP86-D3  8.9 6.9 2.1 25.1  2.4 0.9 0.9 4.4 A(N3) 
 PBE  2.7 1.9 0.6 6.0  0.8 0.5 0.2 1.9  
 PBE-D3  2.6 3.0 0.3 9.3 A(N3), G(N3) 0.6 0.5 0.2 1.6  
 PBE-D4  2.1 2.6 0.0 8.0 A(N3), G(N3) 0.5 0.4 0.0 1.4  

Local LDA SVWN5  3.6 3.4 0.3 10.5  0.9 0.6 0.1 2.0  
aComplexes resulting in an outlier in the boxplot are listed according to the nucleic acid component (A, C, T, G, U, or P) and binding site (in parentheses). See 
Figure 3.2 for definitions of the complexes considered in present work and Figure 3.5 for the outliers. 
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Table B.6. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across Rb+–nucleic acid complexes for each functional relative to CCSD(T)/CBS reference values, 
as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa 

Double-Hybrid B2-PLYP  0.9 0.7 0.0 2.2  0.2 0.1 0.0 0.5  
 B2-PLYP-D3  5.5 3.2 1.5 11.1  1.6 0.5 0.7 2.7 P(2B) 
 mPW2-PLYP  1.0 0.7 0.0 1.9  0.2 0.1 0.0 0.4  
 PBE-QIDH  1.2 0.9 0.3 2.5  0.4 0.2 0.1 0.8  
 PBE0-DH  1.4 1.4 0.0 3.5  0.4 0.4 0.0 1.1  
 DSD-PBEP86  3.7 2.6 1.4 8.7 A(N7) 1.1 0.6 0.3 2.5  

RSH M11  3.9 2.5 0.5 6.8  1.2 0.6 0.1 2.2  
 MN12-SX  4.1 2.2 1.2 8.1  1.2 0.5 0.6 2.3  
 MN12-SX-D3  8.5 4.0 2.9 15.0  2.5 0.8 1.3 4.0  

RSH meta-GGA ωB97M-V  0.8 0.5 0.0 1.7  0.2 0.1 0.0 0.4  
RSH GGA ωB97  1.1 1.1 0.1 2.8  0.3 0.3 0.0 0.9  

 ωB97X  1.3 1.3 0.0 3.0  0.3 0.4 0.0 1.0  
 ωB97X-D  7.3 4.6 1.6 14.8  1.9 0.6 0.9 3.0 P(2B) 
 ωB97X-D3  13.7 6.9 6.2 28.1 A(N1,N7) 4.4 2.2 2.1 8.8  
 ωB97X-V  0.9 0.9 0.0 2.0  0.2 0.2 0.0 0.7  
 ωB97X-D4  11.7 5.6 4.5 22.2 A(N7) 3.6 1.4 2.0 6.2  
 HSE06  1.7 1.4 0.0 4.5  0.4 0.3 0.0 1.0  
 HSE06-D3  6.2 3.4 1.8 13.0  1.7 0.5 0.8 2.5  
 LC-PBE  2.7 2.0 0.4 5.5  0.8 0.6 0.2 2.0 G(N7), C(O2) 
 LC-ωPBE  1.6 1.4 0.1 3.9  0.4 0.4 0.0 1.2 A(N3), C(O2) 
 LC-ωPBE-D3  6.9 3.4 2.3 13.2  2.0 0.7 1.1 3.1  
 CAM-B3LYP  2.0 1.4 0.0 3.6  0.5 0.3 0.0 1.1  
 CAM-B3LYP-D3  6.9 3.3 2.0 12.4  2.0 0.5 1.3 2.7  

GH meta-GGA M06  2.3 1.9 0.6 7.1 A(N3) 0.7 0.4 0.1 1.2  
 M06-2X  1.6 0.9 0.6 3.0  0.5 0.3 0.2 0.9  
 M06-HF  2.8 1.5 0.7 5.1  0.9 0.5 0.1 2.0 P(2NB) 
 MN15  1.5 1.2 0.1 3.0  0.4 0.2 0.0 0.7  
 BMK  2.6 1.8 0.7 5.4  0.8 0.4 0.2 1.5  
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 PW6B95  1.7 1.3 0.0 3.6  0.4 0.2 0.0 0.7  
GH GGA BH&HLYP  2.9 2.0 0.3 5.8  0.9 0.5 0.2 1.8  

 SOGGA11-X  2.0 1.3 0.3 3.9  0.6 0.3 0.2 1.1  
 B3PW91  1.7 1.7 0.0 5.5  0.4 0.3 0.0 1.1  
 B3PW91-D3  10.5 5.6 3.4 19.6  3.0 0.9 1.6 4.8  
 PBE0  1.7 1.3 0.0 4.3  0.4 0.3 0.0 0.9  
 PBE0-D3  5.3 3.0 1.6 11.2  1.5 0.5 0.6 2.3  
 B3LYP  1.8 1.5 0.0 4.2  0.4 0.3 0.0 0.8  
 B3LYP-D3  9.5 4.9 2.9 17.3  2.7 0.8 1.6 4.4 P(2B) 
 B3LYP-D4  6.9 3.5 1.7 13.0  1.9 0.5 1.2 2.7  
 X3LYP  1.8 1.5 0.1 3.7  0.4 0.3 0.0 0.8  
 X3LYP-D3  13.7 7.3 5.0 27.3  4.1 1.5 2.1 7.0  
 O3LYP  1.8 1.2 0.5 3.6  0.5 0.2 0.2 0.7  
 O3LYP-D3  18.6 11.4 8.1 42.1  5.7 2.7 2.3 10.7  
 B97-2  1.6 1.4 0.0 4.5  0.4 0.3 0.0 0.9  
 TPSSh  1.5 1.4 0.2 5.1 A(N3) 0.4 0.2 0.1 0.8  

Local meta-GGA revTPSS  1.5 1.4 0.2 5.0 A(N3) 0.4 0.3 0.1 1.0  
 TPSS  1.6 1.4 0.0 5.4 A(N3) 0.4 0.2 0.0 0.9 A(N3), P(1B1NB) 
 TPSS-D3  6.3 4.1 1.3 14.7  1.8 0.7 0.7 3.5 P(2B) 
 TPSS-D4  5.1 3.4 0.8 12.6  1.4 0.6 0.6 2.6  
 M06-L  2.4 2.7 0.1 9.8 A(N3) 0.8 0.6 0.0 1.8  
 M11-L  3.8 2.6 1.3 10.9 A(N3) 1.2 0.6 0.4 2.5  
 MN12-L  4.3 2.7 1.3 10.0  1.3 0.7 0.5 2.3  
 MN15-L  1.8 1.3 0.0 3.6  0.4 0.2 0.0 0.7  

Local GGA mPW91  1.7 1.5 0.1 4.6  0.4 0.3 0.0 1.0  
 BLYP  2.1 1.5 0.1 4.6  0.6 0.4 0.0 1.7 P(2NB) 
 BLYP-D3  9.4 5.9 2.1 19.8  2.6 0.9 1.4 4.6 P(2B) 
 BP86  1.8 1.6 0.2 6.0 A(N3) 0.5 0.3 0.2 1.2 A(N3), P(2NB) 
 BP86-D3  10.2 6.8 2.6 22.1  2.8 1.0 1.3 4.9  
 PBE  2.3 1.8 0.1 4.7  0.7 0.5 0.0 1.7 P(2NB) 
 PBE-D3  2.8 3.0 0.1 10.6 A(N3) 0.7 0.6 0.1 1.7  
 PBE-D4  2.5 2.8 0.2 10.0 A(N3) 0.6 0.5 0.0 1.6  

Local LDA SVWN5  3.3 2.9 0.2 9.1  0.8 0.5 0.1 1.5  
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aComplexes resulting in an outlier in the boxplot statistics are listed according to the nucleic acid component (A, C, T, G, U, or P) and binding site (in parentheses). 
See Figure 3.2 for definitions of the complexes considered in present work and Figure 3.6 for the outliers. 
 
Table B.7. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across Cs+–nucleic acid complexes for each functional relative to CCSD(T)/CBS reference values, 
as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa 

Double-Hybrid B2-PLYP  1.0 0.7 0.0 2.1  0.2 0.1 0.0 0.5 P(2NB) 
 B2-PLYP-D3  6.1 4.0 1.8 13.9  1.6 0.6 0.7 2.8  
 mPW2-PLYP  1.1 0.8 0.0 2.4  0.2 0.1 0.0 0.4  
 PBE-QIDH  1.1 0.8 0.1 2.3  0.3 0.2 0.0 0.6 A(N1), G(N7), 

C(O2) 
 PBE0-DH  1.5 1.1 0.3 3.5  0.4 0.2 0.1 0.9  
 DSD-PBEP86  3.6 2.9 1.0 9.5 A(N7) 1.0 0.6 0.2 2.3  

RSH M11  4.0 2.5 0.7 7.7  1.2 0.6 0.1 2.1  
 MN12-SX  5.0 2.4 2.0 10.1  1.5 0.9 0.6 3.4  
 MN12-SX-D3  10.8 5.3 4.3 19.4  3.0 1.2 1.5 5.5  

RSH meta-GGA ωB97M-V  0.9 0.6 0.1 1.9  0.2 0.1 0.1 0.3  
RSH GGA ωB97  1.2 0.7 0.1 2.3  0.3 0.2 0.1 0.6  

 ωB97X  1.4 1.0 0.1 2.7  0.3 0.2 0.1 0.8 G(N7), C(O2) 
 ωB97X-D  18.8 13.9 4.0 47.2  4.4 1.3 2.3 6.7  
 ωB97X-D3  15.1 8.2 6.9 33.2 A(N1,N7) 4.5 2.3 2.1 9.0  
 ωB97X-V  1.0 0.5 0.1 1.7  0.2 0.1 0.1 0.4  
 ωB97X-D4  14.4 7.5 5.6 29.1 A(N7) 4.0 1.7 2.1 7.1  
 HSE06  1.8 1.4 0.1 4.8  0.4 0.2 0.1 0.8  
 HSE06-D3  7.1 4.2 2.1 15.2  1.8 0.6 0.8 2.8  
 LC-PBE  2.4 2.1 0.1 5.0  0.6 0.5 0.0 1.7 G(N7), C(O2) 
 LC-ωPBE  1.7 1.3 0.0 3.7  0.4 0.3 0.0 0.9  
 LC-ωPBE-D3  7.4 4.2 2.4 14.9  2.0 0.6 0.9 3.0  
 CAM-B3LYP  1.9 1.7 0.0 4.5  0.4 0.3 0.0 0.9  
 CAM-B3LYP-D3  7.6 3.9 2.2 14.5  2.0 0.5 1.2 2.9  

GH meta-GGA M06  2.6 2.1 0.8 8.6 A(N3) 0.8 0.5 0.1 1.8  
 M06-2X  1.5 1.0 0.5 3.4  0.4 0.3 0.1 1.0  
 M06-HF  2.5 1.5 0.3 4.7  0.7 0.5 0.1 1.9 P(2NB) 



372 
 

 MN15  1.5 1.3 0.1 4.1  0.3 0.2 0.1 0.6  
 BMK  2.3 1.9 0.4 5.7  0.6 0.4 0.1 1.3  
 PW6B95  1.8 1.4 0.1 4.2  0.4 0.2 0.1 0.6  

GH GGA BH&HLYP  2.8 1.7 0.4 5.4  0.8 0.4 0.3 1.5  
 SOGGA11-X  1.8 1.3 0.4 3.7  0.5 0.3 0.1 0.9  
 B3PW91  1.9 1.6 0.3 5.9  0.4 0.2 0.1 0.9  
 B3PW91-D3  11.8 6.9 3.9 24.1  3.1 1.0 1.5 5.1 P(2B) 
 PBE0  1.7 1.3 0.0 4.5 A(N3) 0.4 0.2 0.0 0.8 G(N7) 
 PBE0-D3  5.8 3.5 1.9 12.7  1.5 0.6 0.6 2.5  
 B3LYP  1.8 1.7 0.0 4.5  0.4 0.3 0.0 0.7  
 B3LYP-D3  10.6 5.9 3.4 20.7  2.8 0.9 1.5 4.7 P(2B) 
 B3LYP-D4  8.2 4.2 2.4 16.0  2.2 0.6 1.3 3.2  
 X3LYP  1.8 1.7 0.1 4.4  0.4 0.3 0.0 0.7  
 X3LYP-D3  16.6 9.9 6.2 36.8 A(N7) 4.5 1.8 2.2 7.9  
 O3LYP  1.9 1.5 0.2 4.0  0.4 0.2 0.1 0.6  
 O3LYP-D3  23.9 16.1 10.2 59.0  6.7 3.4 2.7 12.7  
 B97-2  1.7 1.3 0.2 4.7 A(N3) 0.4 0.2 0.2 0.7  
 TPSSh  1.6 1.5 0.0 5.5 A(N3) 0.4 0.2 0.0 0.8  

Local meta-GGA revTPSS  1.6 1.6 0.1 5.4 A(N3) 0.4 0.2 0.1 0.8  
 TPSS  1.8 1.5 0.4 5.9 A(N3) 0.4 0.2 0.2 0.8 A(N3) 
 TPSS-D3  7.1 4.8 1.9 16.7  1.9 0.9 0.7 3.9 P(2B) 
 TPSS-D4  6.3 4.1 1.6 15.1  1.7 0.7 0.7 3.3 P(2B) 
 M06-L  2.9 3.0 0.3 11.3 A(N3) 1.0 0.8 0.0 2.6  
 M11-L  4.5 3.0 1.9 12.9 A(N3) 1.4 1.0 0.4 3.7 P(2NB) 
 MN12-L  4.9 2.9 1.9 11.7  1.5 0.9 0.5 3.3  
 MN15-L  1.8 1.4 0.1 3.9  0.4 0.1 0.0 0.6 C(O2) 

Local GGA mPW91  1.8 1.3 0.2 4.8  0.4 0.2 0.2 0.9  
 BLYP  2.2 1.9 0.1 5.4  0.5 0.3 0.1 1.2  
 BLYP-D3  10.8 7.0 2.9 23.0  2.8 1.1 1.4 5.2 P(2B) 
 BP86  1.9 1.8 0.1 6.7 A(N3) 0.4 0.2 0.1 0.9 A(N3) 
 BP86-D3  12.1 8.5 3.4 27.5  3.1 1.2 1.4 5.5  
 PBE  2.4 2.1 0.1 5.0  0.6 0.4 0.1 1.3  
 PBE-D3  3.2 3.4 0.0 11.9 A(N3) 0.8 0.6 0.0 2.0  
 PBE-D4  3.3 3.4 0.0 11.9 A(N3) 0.8 0.6 0.0 1.8  
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Local LDA SVWN5  3.3 3.1 0.0 9.1  0.7 0.4 0.0 1.3  
aComplexes resulting in an outlier in the boxplot are listed according to the nucleic acid component (A, C, T, G, U, or P) and binding site (in parentheses). See 
Figure 3.2 for definitions of the complexes considered in present work and Figure 3.6 for the outliers. 
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Table B.8. MPEs (%) and MUEs (kcal/mol) in DFT binding strengths along with corresponding standard (SD), minimum (Min), and 
maximum (Max) deviations evaluated across group I metal–nucleic acid complexes for each functional relative to CCSD(T)/CBS 
reference values, as well as outliers based on the boxplot analysis. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa 

Double-
Hybrid 

B2-PLYP  1.5 1.5 0.0 7.9 Na(A(N1,N7), G(N3)) 0.6 0.7 0.0 2.5 Na(A(N7), G(N3), P(2B,2NB)) 

 B2-PLYP-
D3 

 3.9 3.2 0.0 13.9 KG(N3), RbA(N3,N7), 
CsA(N1,N3,N7) 

1.3 0.7 0.0 3.7 LiP(2B) 

 mPW2-
PLYP 

 1.6 1.3 0.0 5.3 NaG(N3) 0.7 0.7 0.0 2.7 LiP(2B) 

 PBE-QIDH  1.8 2.2 0.1 12.7 Na(A(N1,N3,N7),G(N3), U(O2)) 0.7 0.8 0.0 3.3 Na((A(N1,N3,N7), C(O2), G(N3,N7), 
P(1B1NB,2B,2NB), T/U(O2)) 

 PBE0-DH  1.9 1.9 0.0 11.2 Na(A(N1,N7), G(N3)),  0.7 0.7 0.0 2.9 Na(A(N1,N7), G(N3))  
 DSD-

PBEP86 
 2.9 2.5 0.1 9.7 KG(N3), RbA(N7), CsA(N7) 1.0 0.6 0.1 2.5  

RSH M11  3.0 2.4 0.0 9.4  1.2 0.8 0.0 3.3  
 MN12-SX  3.4 2.6 0.1 12.5 NaG(N3) 1.3 0.8 0.0 3.4 NaG(N3), CsP(2NB) 
 MN12-SX-

D3 
 5.8 4.9 0.1 19.4  1.8 1.2 0.1 5.5 CsP(2NB) 

RSH 
meta-
GGA 

ωB97M-V  1.1 1.0 0.0 5.2 NaG(N3),KG(N3) 0.4 0.4 0.0 1.6 Li(G(N7), P(1B1NB,2B,2NB)) 

RSH 
GGA 

ωB97  1.7 1.9 0.0 11.6 Na(A(N1,N7),G(N3)), LiG(N3) 0.7 0.7 0.0 3.0 LiG(N3), Na(A(N1,N7), G(N3)) 

 ωB97X  2.7 2.8 0.0 15.7 Na(A(N1,N7), G(N3)), LiG(N3) 1.1 1.1 0.0 4.1  
 ωB97X-D  7.6 8.6 0.5 47.2 Cs(A(N1,N3,N7),T(O4)) 2.3 1.3 0.3 6.7 Cs(A(N1,N3), G(N7)) 
 ωB97X-D3  9.7 7.3 2.0 33.2 KG(N3), RbA(N1,N7), 

CsA(N1,N3,N7)  
3.6 2.0 0.7 9.0 RbP(2B), CsP(2B,2NB) 

 ωB97X-V  1.1 1.2 0.0 7.3 Na(A(N7),G(N3)), KG(N3)  0.4 0.4 0.0 1.9 Li(A(N1,N3,N7), P(2NB),C(O2)) 
 ωB97X-D4  7.6 6.9 0.8 29.1 CsA(N7) 2.5 1.6 0.3 7.1 CsP(2B,2NB) 
 HSE06  1.9 1.7 0.0 8.2 Na(A(N7), G(N3)) 0.7 0.6 0.0 2.4 Li(A(N1,N7), G(N3), P(2NB), U(O4)), 

Na(A(N1,N7), G(N3)) 
 HSE06-D3  4.5 3.3 0.1 15.2 CsA(N3) 1.6 0.8 0.0 3.2  
 LC-PBE  2.8 2.3 0.1 10.8 NaG(N3) 1.1 1.0 0.0 4.8 Li(C(O2), G(N7), P(2NB)) 
 LC-ωPBE  2.0 2.1 0.0 12.5 Na(A(N1,N7), G(N3)),  0.7 0.7 0.0 3.3 LiG(N7), Na(A(N1,N7), G(N3)) 
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 LC-ωPBE-
D3 

 4.9 3.6 0.3 14.9  1.7 0.9 0.3 3.3  

 CAM-
B3LYP 

 2.7 2.0 0.0 7.6  1.1 1.1 0.0 4.1 Li(C(O2), G(N7), P(1B1NB,2B,2NB), T/U(O4)) 

 CAM-
B3LYP-D3 

 6.1 3.0 1.3 14.5 CsA(N3) 2.4 1.2 0.3 5.5 Li(G(N7),P(1B1NB,2B,2NB)) 

GH 
meta-
GGA 

M06  3.4 3.5 0.1 18.9 Na(A(N1,N7),G(N3)) 1.4 1.3 0.1 5.4 Na(A(N1,N3), G(N3)) 

 M06-2X  1.5 1.1 0.0 4.8  0.7 0.6 0.0 2.8 LiP(1B1NB,2NB) 
 M06-HF  3.4 2.3 0.3 9.5 Li(A(N1,N7), G(N3)) 1.7 1.6 0.1 7.0 Li(C(O2), P(1B1NB,2NB)) 
 MN15  2.3 2.5 0.1 13.7 Na(A(N1,N7), G(N3)) 0.8 0.9 0.0 3.8 Na(A(N1,N7), G(N3))  
 BMK  3.3 3.2 0.2 17.8 Na(A(N1,N7), G(N3)) 1.3 1.1 0.0 4.8 Na(A(N1,N7), G(N3))   
 PW6B95  2.0 1.7 0.0 7.3 NaG(N3) 0.7 0.7 0.0 2.6 Li(A(N3), C(O2), G(N7), P(1B1NB,2B,2NB), 

T(O4))  
GH 

GGA 
BH&HLYP  3.4 2.3 0.1 9.3  1.4 1.2 0.1 4.7 Li(C(O2), G(N7), P(1B1NB,2B), T/U(O4)  

 SOGGA11-
X 

 2.0 1.8 0.1 11.2 Na(A(N7), G(N3)) 0.8 0.6 0.0 2.9 Na(A(N7),G(N3)) 

 B3PW91  2.6 2.9 0.0 14.9 Na(A(N1,N7), G(N3)),  1.0 1.1 0.0 4.4 Na(A(N1,N7), G(N3), P(1B1NB,2B,2NB)) 
 B3PW91-

D3 
 7.0 6.3 0.1 24.1 CsA(N3,N7), KG(N3) 2.2 1.3 0.1 5.1  

 PBE0  1.9 1.7 0.0 8.4 Na(A(N1,N7), G(N3)) 0.7 0.6 0.0 2.4 Li(A(N3),G(N7)), NaG(N3) 
 PBE0-D3  4.0 2.8 0.1 12.7 CsA(N3,N7) 1.4 0.8 0.0 3.2 LiG(N7),  
 B3LYP  2.0 1.7 0.0 7.0  0.8 0.7 0.0 2.7 LiP(2B) 
 B3LYP-D3  7.3 4.8 1.3 20.7 KG(N3), CsA(N3,N7) 2.6 1.1 0.5 6.1 LiP(1B1NB,2B) 
 B3LYP-D4  5.1 3.6 0.3 16.0 CsA(N3) 1.7 0.8 0.4 3.6  
 X3LYP  2.2 1.8 0.1 6.3  0.9 0.9 0.0 3.5 Li(A(N3), P(1B1NB,2B), T/U(O4)) 
 X3LYP-D3  10.9 7.3 2.9 36.8 KG(N3), RbA(N3,N7), 

CsA(N1,N3,N7) 
3.9 1.5 1.8 7.9 LiP(2B), CsP(2B) 

 O3LYP  2.5 2.5 0.1 11.6 Na(A(N1,N7), G(N3)) 0.9 1.0 0.0 3.9 Na(A(N1,N7), C(O2), 
G(N3,N7),P(1B1NB,2B,2NB)) 

 O3LYP-D3  12.8 12.6 0.1 59.0 KG(N3), RbA(N7), 
CsA(N1,N3,N7) 

4.3 2.8 0.1 12.7 CsP(2B) 

 B97-2  2.6 2.9 0.0 15.4 Na(A(N1,N7), G(N3)) 1.0 1.1 0.0 4.4 Na(A(N1,N7), G(N3), P(1B1NB,2B,2NB))  
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 TPSSh  1.9 1.8 0.0 7.9 Na(A(N1), G(N3), U(O2)), 
RbA(N3), CsA(N3) 

0.7 0.7 0.0 2.8 NaA(N7) 

Local 
meta-
GGA 

revTPSS  1.9 1.8 0.0 7.8 Na(A(N1,N7), G(N3), U(O2)) 0.8 0.7 0.0 2.8 LiP(2B), Na(A(N7), C(O2), P(1B1NB,2B)) 

 TPSS  2.0 1.8 0.0 8.0 Na(A(N7), G(N3), U(O2)), 
RbA(N3), CsA(N3) 

0.8 0.7 0.0 2.9 LiP(1B1NB,2B), Na(A(N1,N7), C(O2), G(N7), 
P(1B1NB,2NB), U(O2) 

 TPSS-D3  4.7 4.1 0.0 17.8 KG(N3), RbA(N3), CsA(N3,N7) 1.6 1.0 0.0 5.3 LiP(2B) 
 TPSS-D4  3.8 3.4 0.0 15.1 K(A(N3), G(N3), RbA(N3), 

CsA(N3,N7) 
1.2 0.8 0.0 3.7 LiP(2B), CsP(2B) 

 M06-L  3.8 3.8 0.1 18.0 Na(A(N1,N7), G(N3)), CsA(N3) 1.6 1.4 0.0 5.6 NaA(N7) 
 M11-L  4.4 3.2 0.4 16.2 Na(A(N7), G(N3), U(O2)), 

RbA(N3), CsA(N3) 
1.9 1.3 0.1 5.5  

 MN12-L  3.9 3.2 0.1 16.5 Na(A(N7), G(N3)), CsA(N3) 1.4 1.0 0.1 4.3 Na(A(N7), G(N3))  
 MN15-L  2.8 2.4 0.0 12.5 Na(A(N7), G(N3)) 1.2 1.0 0.0 3.3  

Local 
GGA 

mPW91  2.1 2.1 0.0 11.6 Na(A(N1,N7), G(N3)) 0.8 0.7 0.0 3.3 Na(A(N1,N7),G(N3), P(1B1NB) 

 BLYP  2.2 1.7 0.0 7.4 NaA(N7) 0.9 0.8 0.0 3.3 LiP(2B),Na(A(N7), P(1B1NB,2NB))  
 BLYP-D3  7.0 6.0 0.3 26.3 KG(N3), RbA(N3,N7), 

CsA(N3,N7) 
2.3 1.2 0.1 7.3 LiP(2B) 

 BP86  3.4 3.1 0.1 13.3 Na(A(N1,N7), G(N3)) 1.4 1.4 0.0 4.9  
 BP86-D3  6.8 7.0 0.1 27.5 K(A(N3), G(N3)), 

Rb/CsA(N1,N3,N7) 
2.0 1.2 0.1 5.5 CsP(2B) 

 PBE  2.3 1.8 0.0 6.9  0.9 0.6 0.0 2.5 LiP(2B), Na(A(N7), P(1B1NB,2NB))  
 PBE-D3  2.4 2.6 0.0 11.9 K(A(N3), G(N3)), RbA(N3), 

CsA(N3) 
0.8 0.8 0.0 4.2 Li(A(N3), P(1B1NB,2B)) 

 PBE-D4  2.2 2.4 0.0 11.9 KA(N3), RbA(N3), CsA(N3) 0.8 0.6 0.0 3.0 LiP(2B) 
Local 
LDA 

SVWN5  4.0 3.0 0.0 10.5  1.6 1.4 0.0 5.6 LiG(N7) 

aComplexes resulting in an outlier in the boxplot are listed according to the metal (Li+, Na+, K+, Rb+, or Cs+) and nucleic acid component (A, C, T, G, U, or P), with 
the binding site indicated in parentheses. See Figure 3.2 for definitions of the complexes considered in present work and Figure 3.7 for the outliers. 
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Table B.9. MPEs and MUEs for each DFT functional (with and without counterpoise corrections) relative to CCSD(T)/CBS reference 
values for group I metal complexes.a 

Metal  Functional  MPE  MUE Absolute Diff.b 

    w/o CP w/ CP  w/o CP w/ CP MPE MUE 
Li+  PBE-QIDH  1.0 0.7  0.8 0.4 0.3 0.4 

  ωB97X-V  1.5 0.9  1.1 0.6 0.6 0.5 
  O3LYP  1.7 1.0  1.2 0.6 0.7 0.6 

Na+  B2-PLYP-D3  0.9 1.1  0.6 0.4 0.2 0.2 
  HSE06-D3  2.0 1.6  1.1 0.7 0.4 0.4 
  PBE0-D3  1.8 1.5  1.0 0.6 0.3 0.4 
  TPSS-D3  1.4 1.4  0.8 0.6 0.0 0.2 
  PBE-D3  1.6 1.5  0.8 0.6 0.1 0.2 

K+  B2-PLYP  1.3 1.1  0.5 0.3 0.2 0.2 
  ωB97X-V  1.4 1.1  0.6 0.3 0.3 0.3 
  M06-2X  2.0 0.9  0.8 0.3 1.1 0.5 
  MN15-L  1.8 1.3  0.5 0.4 0.5 0.1 

Rb+  mPW2-PLYP  2.5 1.0  0.9 0.4 1.5 0.5 
  ωB97M-V  2.3 0.8  0.8 0.2 1.5 0.6 
  MN15-L  2.9 1.8  0.9 0.4 1.1 0.5 

Cs+  B2-PLYP  1.8 1.0  0.6 0.2 0.8 0.4 
  ωB97M-V  1.7 0.9  0.6 0.2 0.8 0.4 
  ωB97X-V  1.7 1.0  0.6 0.2 0.7 0.4 
  MN15-L  2.9 1.8  0.8 0.4 1.1 0.4 
  mPW91  2.3 1.8  0.8 0.4 0.5 0.4 

Group I  mPW2-PLYP  2.1 1.6  1.1 0.7 0.5 0.4 
  ωB97M-V  1.7 1.1  0.8 0.4 0.6 0.4 
  revTPSS  2.1 1.9  0.9 0.8 0.2 0.1 
  TPSS  2.1 2.0  0.9 0.8 0.1 0.1 

aSee Figure 3.2 for the complexes considered in present work. bAbsolute differences between counterpoise uncorrected and corrected 
for each functional are calculated for each metric. 
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Figure B.1. CCSD(T)/CBS//MP2/def2-TZVPP characterized P(2B) complex between each 
metal and the dimethylphosphate model, which includes an additional contact with the 
nonbridging oxygen for all metals except Li+. 

 

 
Figure B.2. Boxplots of the unsigned errors (kcal/mol) in Li+ or Na+–nucleic acid DFT 
binding energies relative to CCSD(T)/CBS reference values, with the functionals sorted 
according to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA 
(green), meta-GGA (blue), GGA (purple), and LDA (magenta). 
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Figure B.3. Boxplots of the unsigned errors (kcal/mol) in K+, Rb+ or Cs+–nucleic acid DFT 
binding energies relative to CCSD(T)/CBS reference values, with the functionals sorted 
according to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA 
(green), meta-GGA (blue), GGA (purple), and LDA (magenta). 
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Figure B.4. Boxplot of the unsigned errors (kcal/mol) in group I metal–nucleic acid DFT 
binding energies relative to CCSD(T)/CBS reference values, with the functionals sorted 
according to double-hybrids (red), RSH (orange), GH meta-GGA (yellow), GH GGA 
(green), meta-GGA (blue), GGA (purple), and LDA (magenta). 
 

 
Figure B.5. MPEs (%) in the uncorrected (solid) and counterpoise-corrected (striped) DFT 
binding energies relative to the CCSD(T)/CBS reference values for the top-performing 
functionals for each metal and over all group I. 
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Figure B.6. MUEs (kcal/mol) in the uncorrected (solid) and counterpoise-corrected 
(striped) DFT binding energies relative to the CCSD(T)/CBS reference values for the top-
performing functionals for each metal and over all group I. 
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Appendix C 

Supplementary Information for Chapter 4: Building a Data Set of Group II Metal–
Nucleic Acid Interactions and Evaluating the Performance of Density Functional 

Theory Methods 

Contains Tables C.1–C.11 and Figures C.1–C.9
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Table C.1. Coordination distances (Å) between each group II metal and nucleic acid component calculated at the MP2/def2-
TZVPP level of theory.a 

Binding Site  Be2+ Mg2+ Ca2+ Sr2+ Ba2+ 

A(N6–N7) X···N6 1.713 2.116 2.461 2.628 2.821 
 X···N7 1.591 2.000 2.314 2.470 2.659 

A(N1–N6) X···N1 1.587 2.009 2.320 2.476 2.659 
 X···N6 1.683 2.102 2.426 2.592 2.788 

A(N3) X···N3 1.515 1.933 2.219 2.370 2.548 
G(O6–N7) X···O6 1.547 1.945 2.213 2.350 2.509 

 X···N7 1.649 2.041 2.382 2.547 2.746 
G(N2–N3) X···N2 1.686 2.102 2.430 2.595 2.786 

 X···N3 1.568 1.995 2.309 2.470 2.660 
C(O2–N3) X···O2 1.532 1.917 2.160 2.286 2.432 

 X···N3 1.657 2.082 2.441 2.630 2.863 
C(N3–N4) X···N3 1.572 1.984 2.278 2.413  

 X···N4 1.699 2.148 2.536 2.781  
T(O4) X···O4 1.367 1.775 2.045 2.184 2.348 
T(O2) X···O2 1.372 1.779 2.055 2.198 2.365 
U(O4) X···O4 1.369 1.776 2.050 2.190 2.357 
U(O2) X···O2 1.374 1.782 2.062 2.206 2.377 

P(2NB) X···O(NB) 1.515 1.904 2.157 2.282 2.433 
 X···O(NB) 1.515 1.904 2.156 2.282 2.433 

P(1B1NB) X···O(B) 1.476 1.919 2.235 2.383 2.593 
 X···O(NB) 1.513 1.850 2.077 2.188 2.312 

P(2B) X···O(B) 1.477 1.866 2.409 2.569 2.768 
 X···O(B) 1.477 1.866 2.408 2.569 2.768 
 X···O(NB)b   2.144 2.255 2.368 

aDefinitions of each complex studied in the present work are shown in Figure 4.2. Only one complex could not be characterized, 
which corresponds to an empty space within the table. bFor Ca2+, Sr2+, and Ba2+, an additional coordination distance is reported 
to a non-bridging oxygen in the phosphate moiety (Figure C.1).  
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Table C.2. Binding energies (kcal/mol) of group II metal–nucleic acid complexes calculated at the CCSD(T)/CBS level of 
theory.a 

Binding Site Be2+ Mg2+ Ca2+ Sr2+ Ba2+ 

A(N6–N7) –277.7 –166.2 –98.5 –83.8 –70.7 
A(N1–N6) –271.6 –161.4 –96.2 –82.3 –70.0 

A(N3) –230.0 –133.4 –78.7 –68.2 –59.0 
G(O6–N7) –315.8 –203.3 –137.0 –121.8 –108.8 
G(N2–N3) –252.3 –141.1 –77.6 –64.3 –52.7 
C(O2–N3) –295.4 –186.8 –123.7 –110.4 –98.3 
C(N3–N4) –267.5 –158.6 –96.4 –83.8  

T(O4) –237.5 –139.7 –91.0 –81.1 –71.6 
T(O2) –227.9 –133.6 –86.7 –77.1 –68.1 
U(O4) –234.8 –138.3 –90.3 –80.6 –71.3 
U(O2) –221.5 –128.7 –82.6 –73.2 –64.4 

P(2NB) –511.4 –376.8 –298.0 –280.8 –263.9 
P(1B1NB) –492.6 –361.7 –285.7 –269.5 –253.3 

P(2B) –463.4 –333.8 –283.4 –267.6 –252.6 
aDefinitions of each complex studied in present work as well as the relative energies between each complex are shown in Figure 4.2. 
Complexes that could not be characterized correspond to empty spaces within the table. 

 

 
Table C.3. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for group II metal–nucleic acid complexes, in addition to complexes 
that resulted in outliers according to boxplot statistics. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min Max Outliersa 

Double-
Hybrid B2-PLYP  0.8 0.5 0.1 2.0  1.2 1.0 0.1 5.0 Be(A(N3), P(2B)), Mg(P(2NB)) 

 B2-PLYP-D3  1.6 1.3 0.1 5.5 Ba(A/G(N3), T/U(O4)) 2.1 1.4 0.2 6.7 Be(P(2B)) 
 mPW2-PLYP  0.8 0.6 0.0 2.2  1.4 1.3 0.0 5.7 Be(A/G(N3), P(1B1NB,2B), T/U(O4) 
 PBE-QIDH  1.1 1.0 0.0 3.9 Mg(G(N3), U(O2)) 1.6 1.5 0.0 5.6 Mg(G(N3), P(2B), T/U(O2)) 
 PBE0-DH  0.9 0.7 0.0 2.8 Mg(T/U(O2)) 1.3 0.9 0.0 3.8  

 DSD-
PBEP86  1.3 1.0 0.0 4.4 Ba(A/G(N3)) 1.8 1.1 0.0 4.6  

RSH M11  2.3 1.6 0.1 6.0  2.9 1.6 0.1 5.7  
 MN12-SX  4.7 3.1 0.1 13.2  5.9 2.3 0.2 12.0  
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 MN12-SX-
D3  5.6 4.2 0.2 16.0  6.6 3.1 0.5 14.4  

RSH meta-
GGA ωB97M-V  0.6 0.5 0.0 2.3 Ca/Sr(G(N3)) 0.7 0.5 0.0 1.9  

RSH GGA ωB97  1.8 1.2 0.0 5.3 Mg(G(N3)) 3.2 2.7 0.0 9.0  
 ωB97X  2.2 1.8 0.0 6.9  4.3 4.4 0.0 12.9  
 ωB97X-D  3.4 2.1 0.1 9.2 Ba(A(N1,N3,N7) 5.3 3.5 0.1 11.3  
 ωB97X-D3  4.3 3.2 0.1 12.1  5.3 2.8 0.1 14.4 Sr/Ba(P(2B)), Ba(P(2NB)) 

 ωB97X-V  0.7 0.7 0.0 2.8 Ca(G(N3),U(O2)), 
Sr/Ba(G(N3)) 1.0 0.7 0.0 2.9 Mg(T(O2)) 

 ωB97X-D4  3.2 3.0 0.0 11.8 Ba(T(O4) 3.4 2.5 0.0 10.0  
 HSE06  1.0 0.8 0.0 4.0 Ba(A(N3)) 1.5 1.5 0.0 5.6 Be(A(N3), G(N7), P(2B)) 
 HSE06-D3  2.1 1.5 0.1 7.4 Ba(A(N3), T(O4)) 2.9 1.7 0.1 7.2  
 LC-PBE  1.4 1.3 0.0 5.9 Ca/Sr/Ba(G(N3)) 1.9 1.7 0.0 8.5 Be(C(O2), G(N7), P(2NB)) 
 LC-ωPBE  1.0 0.8 0.0 3.6 Sr/Ba(G(N3)) 1.5 1.2 0.0 5.5 Be(G(N7), P(2NB)) 

 LC-ωPBE-
D3  1.5 1.1 0.0 5.0 Ba(A(N3), T/U(O4)) 2.2 1.6 0.0 6.9 Be(G(N7)) 

 CAM-B3LYP  1.4 0.9 0.0 3.6  2.5 2.3 0.0 8.3 Be(G(N7)) 

 CAM-
B3LYP-D3  2.4 1.4 0.1 6.6 Ba(T/U(O4)) 3.9 2.6 0.1 9.7 Be(A(N3), G(N7), P(1B1NB,2B), 

T/U(O4)) 
GH meta-

GGA M06  3.4 1.8 0.0 9.2 Ca/Sr/Ba(A(N3)) 4.9 2.4 0.1 9.4  

 M06-2X  1.0 0.7 0.0 3.1 Ba(A(N3), U(O4)) 1.5 1.0 0.0 3.9  
 M06-HF  1.7 1.0 0.1 4.0  3.3 2.8 0.0 10.5  
 MN15  1.6 1.2 0.0 4.7  2.5 1.9 0.1 7.5  
 BMK  1.4 1.1 0.0 4.4  2.3 2.0 0.0 6.4  

 PW6B95  1.1 0.7 0.0 2.9  1.8 1.8 0.0 7.0 Be(A(N3), G(N7), 
P(1B1NB,2B,2NB)) 

GH GGA BH&HLYP  1.3 1.0 0.0 4.6 Ca/Sr/Ba(G(N3)) 2.1 1.9 0.0 7.5 Be(C(O2), G(N7), P(2NB)) 

 SOGGA11-X  1.0 0.7 0.0 2.4  1.8 1.8 0.0 6.5 Be(A(N1), C(N3,O2), G(N7), 
P(1B1NB,2NB)) 

 B3PW91  1.1 1.0 0.0 5.2 Sr/Ba(A(N3)) 1.7 1.2 0.0 4.0  
 B3PW91-D3  3.6 2.8 0.0 11.1 Ba(A(N3)) 4.3 2.1 0.1 8.6  

 PBE0  1.0 0.8 0.0 3.8 Ba(A(N3)) 1.6 1.6 0.0 5.9 Be(A(N1,N3), G(N3,N7), 
P(1B1NB,2B)) 

 PBE0-D3  1.9 1.3 0.1 6.7 Sr/Ba(A(N3)), 
Sr(T(O4)) 2.8 1.8 0.1 7.3  
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 B3LYP  1.3 1.0 0.0 4.2 Be/Mg/Ba(A(N3)) 2.2 2.3 0.0 9.2 Be(A/G(N3), G(N7), P(1B1NB,2B), 
T(O2), T/U(O4) 

 B3LYP-D3  4.0 2.1 1.0 10.4 Ba(A/G(N3), T(O4)) 5.5 2.2 2.4 12.5 Be(A(N3), P(2B)) 
 B3LYP-D4  2.7 2.0 0.2 9.8 Ba(A(N3), T/U(O4)) 3.7 2.1 0.7 9.8 Be(A(N3)) 

 X3LYP  1.5 1.1 0.0 4.7 Be/Mg(A(N3)) 2.6 2.6 0.0 9.9 Be/Mg(A(N3)), Be(A(N1), G(N3,N7), 
P(1B1NB,2B), T/U(O2,O4) 

 X3LYP-D3  5.1 2.7 1.6 12.5 Ba(A/G(N3), T/U(O4)) 7.0 2.3 3.3 13.4  
 O3LYP  1.3 1.2 0.0 5.3 Be/Mg/Ba(A(N3)) 2.3 2.6 0.0 10.0 Be(A/G(N3), P(1B1NB, 2B)) 
 O3LYP-D3  6.5 4.3 1.3 19.9 Ba(A/G(N3), T(O4)) 8.3 3.3 2.7 18.6 Ba(P(1B1NB,2B,2NB)) 
 B97-2  1.1 1.0 0.0 4.5 Mg(U(O2)), Ba(A(N3)) 1.6 1.4 0.0 5.1  
 TPSSh  1.4 1.2 0.0 5.8 Sr/Ba(A(N3)) 2.2 2.2 0.0 9.6 Be(G(N3,N7), P(1B1NB,2B)) 

Local 
meta-GGA revTPSS  1.4 1.3 0.1 6.6 Ca/Sr/Ba(A(N3)), 

Ba(G(N3)) 2.2 2.2 0.1 10.1 Be(A/G(N3), P(2B)) 

 TPSS  1.7 1.5 0.0 7.0 Sr(A(N3)), 
Ba(A/G(N3)) 2.7 2.8 0.0 12.5 Be(G(N3), P(1B1NB,2B)) 

 TPSS-D3  3.7 2.3 0.3 10.8 Ba(A/G(N3)) 5.1 2.7 1.1 14.9 Be(A/G(N3), P(2B)) 
 TPSS-D4  3.0 2.2 0.2 9.4 Ba(A/G(N3), T(O4)) 4.0 2.5 0.6 12.6 Be(A/G(N3), P(2B)) 
 M06-L  4.9 2.8 0.5 13.3 Ca/Ba(A(N3)) 6.5 2.7 1.2 13.2  

 M11-L  6.2 4.1 0.3 18.9 Sr/Ba(A(N3)) 7.9 3.2 0.8 16.5 Be(A(N3)), Ca/Sr/Ba(P(2NB), 
Sr(P(1B1NB)) 

 MN12-L  4.2 2.7 0.1 12.4 Ba(A(N3)) 5.4 2.4 0.2 12.2 Mg(P(2B)) 
 MN15-L  2.2 1.6 0.1 6.5  3.8 3.4 0.1 11.8  

Local 
GGA mPW91  1.0 0.8 0.0 4.1 Sr/Ba(A(N3)), 

Ba(G(N7)) 1.6 1.2 0.0 4.7  

 BLYP  1.9 1.6 0.1 8.4 Mg/Ba(A(N3)) 3.0 3.0 0.1 14.5 Be(G(N3), P(1B1NB, 2B), T/U(O4), 
U(O2)), Mg(A(N3)) 

 BLYP-D3  5.0 3.1 0.7 13.7 Ba(A/G(N3)) 6.7 3.1 1.6 18.5 Be(G(N3), P(2B), T(O4)), Mg(A(N3)) 

 BP86  1.5 1.5 0.0 7.8 Ca/Sr/Ba(A(N3)), 
Ba(G(N3)) 1.9 1.6 0.0 6.3 Be(A/G(N3), P(2B)) 

 BP86-D3  4.1 3.6 0.1 14.4 Ba(A/G(N3)) 4.6 2.6 0.1 10.2  

 PBE  1.7 1.5 0.0 7.3 Mg/Sr/Ba(A(N3)), 
Mg(T(O2)) 2.8 2.9 0.0 11.6 Be/Mg(A(N3)), Be(G(N3), P(2B). 

T(O2)) 

 PBE-D3  2.5 2.0 0.0 9.0 Mg/Sr/Ba(A(N3)), 
Ba(G(N3)) 3.8 3.1 0.0 13.4 Be/Mg(A(N3)), Be(G(N3), P(2B)) 

 PBE-D4  2.2 1.9 0.0 8.3 Mg/Ba(A(N3)), 
Ba(G(N3), T(O4)) 3.2 2.9 0.0 12.7 Be/Mg(A(N3), Be(G(N3). P(2B)) 

Local LDA SVWN5  2.6 1.8 0.1 10.3 Mg(A(N3)) 4.3 3.5 0.0 13.7  
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aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) listed and the corresponding 
binding site in parentheses. 

 
 
Table C.4. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for group I and II metal–nucleic acid complexes, in addition to 
complexes that resulted in outliers according to boxplot statistics. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min Max Outliersa 

Double-
Hybrid B2-PLYP  1.1 1.2 0.0 7.9 Na(A,G,T/U(O2)) 0.9 0.9 0.0 5.0 Be(A/G(N3),P(2B),T(O4)) 

 B2-PLYP-
D3  2.7 2.7 0.0 13.9 Cs(A),K/Rb(A(N3,N7)),K(G(N3)) 1.7 1.2 0.0 6.7 Be(A/G(N3),T(O4)),Be/Ba(P(2B)) 

 mPW2-
PLYP  1.2 1.0 0.0 5.3 Na/K(G(N3)),Li(A(N3),U(O4)),Na(A(N7)) 1.0 1.1 0.0 5.7 Be(A,C,G,T,U) 

 PBE-QIDH  1.4 1.7 0.0 12.7 Na(A),G(N3),U(O4)) 1.1 1.3 0.0 5.6 Mg(A(N1,N7),G(N3),P,T/U)) 

 PBE0-DH  1.4 1.5 0.0 11.2 Na(A(N1,N7),G(N3)),K(A(N3)) 1.0 0.9 0.0 3.8 Mg(T/U(O2),P(2B)) 

 DSD-
PBEP86  2.1 2.0 0.0 9.7 K/Rb/Cs(A),Na/K(G(N3)),Na(A(N7)) 1.4 1.0 0.0 4.6 Mg(G(N7),P(2NB),T/U(O2)),Ba(P(2B)) 

RSH M11  2.7 2.1 0.0 9.4 Na(G(N3)) 2.1 1.5 0.0 5.7  

 MN12-SX  4.1 2.9 0.1 13.2 Ba(A(N3)) 3.7 2.9 0.0 12.0 Ba(P(2NB)) 

 MN12-SX-
D3  5.7 4.5 0.1 19.4  4.3 3.4 0.1 14.4  

RSH 
meta-
GGA 

ωB97M-V  0.8 0.8 0.0 5.2 Na/K(G(N3)), Na(A(N7)) 0.6 0.5 0.0 1.9  

RSH 
GGA ωB97  1.8 1.6 0.0 11.6 Na(A(N1,N7)),Na/Mg(G(N3)) 2.0 2.3 0.0 9.0 Be(A(N1,N7),C,G,T,U)),Be/Mg(P),Mg(C(N3)) 

 ωB97X  2.4 2.3 0.0 15.7 Li/Na(G(N3)),Na(A(N1,N7)) 2.8 3.6 0.0 12.9 Be,Mg((A,G,C,T,P),U(O2)) 

 ωB97X-D  5.4 6.5 0.1 47.2 Na/K(G(N3),Rb(A(N3,N7),Cs((A,G(N7),C,T/U(O4),T(O2))) 3.9 3.0 0.1 11.3  

 ωB97X-D3  6.9 6.2 0.1 33.2 K(A(N1,N7),G(N3)),Rb/Cs(A) 4.5 2.6 0.1 14.4 Sr(P(2B)),Ba(P) 

 ωB97X-V  0.9 1.0 0.0 7.3 Na/K(G(N3)),Na(A(N1,N7)) 0.7 0.6 0.0 2.9 Mg(P(2B),T/U(O2)) 

 ωB97X-D4  5.3 5.7 0.0 29.1 K(G(N3)),Rb(A(N7)),Cs(A) 3.0 2.1 0.0 10.0 Ba(P,T(O4)) 

 HSE06  1.4 1.4 0.0 8.2 Na(A(N1,N7)),Na/K(G(N3)),Cs(A(N3)) 1.1 1.2 0.0 5.6 Be(A(N1,N3),C(O2),G,P)) 

 HSE06-D3  3.3 2.8 0.1 15.2 K(A(N3),G(N3))Rb(A(N3,N7)),Cs(A,T(O4)) 2.2 1.5 0.0 7.2 Be(A/G(N3),G(N7),P(1B1NB,2B)) 

 LC-PBE  2.1 2.0 0.0 10.8 Na/K(G(N3)),Li(A(N3),G(N7)) 1.5 1.4 0.0 8.5 Li/Be/Mg(G(7)),Li/Be(C(O2)),Be(A(N7),P(2NB)) 

 LC-ωPBE  1.5 1.7 0.0 12.5 Na(A(N1,N7),G(N3)) 1.1 1.1 0.0 5.5 Be(A/G(N7),C,P(1B1NB,2NB)) 

 LC-ωPBE-
D3  3.2 3.1 0.0 14.9 K(A/G(N3)),Rb(A(N3,N7)),Cs(A,T(O4)) 2.0 1.3 0.0 6.9 Be(A/G(N7),C(O2),P(1B1NB,2NB)) 

 CAM-
B3LYP  2.0 1.6 0.0 7.6 Li(A(N3),T/U(O4)),K(G(N3)) 1.8 2.0 0.0 8.3 Be(A(N3),C(O2),G(N7),P,T/U(O4)) 
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 CAM-
B3LYP-D3  4.2 2.9 0.1 14.5 Ba(T/U(O4)) 3.1 2.2 0.1 9.7 Be(A(N3), G(N7), P(1B1NB,2B), T/U(O4)) 

GH 
meta-
GGA 

M06  3.4 2.8 0.0 18.9 Na(A(N1,N7),G(N3)),Sr/Ba(A(N3)) 3.2 2.6 0.1 9.4  

 M06-2X  1.2 0.9 0.0 4.8 Li/Na/Rb/Cs/Ba(A(N3)),Li(U(O4)),Na(G(N3)) 1.1 0.9 0.0 3.9 Ba(P(2NB)) 

 M06-HF  2.5 1.9 0.1 9.5 Li(A,C,G(N3),U(O2)) 2.5 2.4 0.0 10.5 Be(A/G(N7),P(2NB)) 

 MN15  1.9 2.0 0.0 13.7 Na/K(G(N3),Na(A(N1,N7)) 1.7 1.7 0.0 7.5 Mg(A(N1,N7),C/G(N3),P) 

 BMK  2.3 2.5 0.0 17.8 Li(A(N1,N7)),Li/Na(G(N3)) 1.8 1.7 0.0 6.4 Mg(A(N7),G(N3),P(2B)) 

 PW6B95  1.5 1.4 0.0 7.3 Na/K(A(N7),G(N3)),Na(A(N1)) 1.3 1.5 0.0 7.0 Be(A,C,G,P,T/U(O4)) 
GH 

GGA BH&HLYP  2.3 2.0 0.0 9.3 Na/K(G(N3)),Li(A(N3),T,U) 1.8 1.6 0.0 7.5 Be(A(N1,N3),C(O2),G(N7),P(1B1NB,2NB),T/U(O4)) 

 SOGGA11-
X  1.5 1.4 0.0 11.2 Na(A(N1,N7),G(N3)) 1.3 1.4 0.0 6.5 Be(A,C,G,P) 

 B3PW91  1.8 2.2 0.0 14.9 Na(A(N1,N7),G(N3),T/U(O2)),Rb(A(N3)) 1.3 1.2 0.0 4.4  

 B3PW91-
D3  5.2 5.1 0.0 24.1 K/Rb(A(N3),Rb(A(N7)),Cs(A) 3.3 2.0 0.1 8.6  

 PBE0  1.4 1.4 0.0 8.4 Li(A(N3)),Na(A(N1,N)),Na/K(G(N3)) 1.2 1.3 0.0 5.9 Be(A,C,G,P) 

 PBE0-D3  2.9 2.4 0.1 12.7 K(A(N3),G(N3)),Rb(A(N3,N7),T(O4)),Cs(A,T(O4)) 2.2 1.6 0.0 7.3 Be(A(N1,N7),C(O2),G,P) 

 B3LYP  1.6 1.4 0.0 7.0 Na(A(N1,N7),G(N3)) 1.5 1.9 0.0 9.2 Be(A(N1,N3),G(N3,N7),P(1B1NB,2B),T/U) 

 B3LYP-D3  5.6 4.1 1.0 20.7 K(G(N3)),Rb(A(N3,N7)),Cs(A) 4.1 2.3 0.5 12.5 Be(A(N3),G,P(1B1NB,2B),T,U(O4)) 

 B3LYP-D4  3.9 3.1 0.2 16.0 Rb/Cs(A(N3)),Rb(A(N7)),Cs(T(O4)) 2.7 1.9 0.4 9.8 Be(A(N3),G(N3),P(2B),T(O2)),Be/Ba(T/U(O4)) 

 X3LYP  1.8 1.5 0.0 6.3  1.8 2.2 0.0 9.9 Be,Mg(A(N3)) 

 X3LYP-D3  7.9 6.1 1.6 36.8 K(A(N3,N7),G(N3)),Rb(A),Cs(A,T(O4)) 5.5 2.5 1.8 13.4 Be(A(N3),P(2B)) 

 O3LYP  1.8 2.0 0.0 11.6 Na(A(N1,N7),G(N3),T/U(O2)) 1.6 2.1 0.0 10.0 Be/Sr/Ba(A(N3)),Na/K/Cs(A(N1,N7)),Na/K(G(N3)),Na(G(N7)) 

 O3LYP-D3  9.5 9.8 0.1 59.0 Rb/Cs(A),K(G(N3)) 6.4 3.7 0.1 18.6 Ba(P) 

 B97-2  1.8 2.2 0.0 15.4 Na(A(N1,N7),G(N3),T/U(O2)) 1.3 1.3 0.0 5.1 Mg(A(N7),P,U(O2)),Na(A(N7)) 

 TPSSh  1.6 1.5 0.0 7.9 Na(A(N1,N7),G(N3)),Rb/Cs/Bs(A(N3)) 1.5 1.8 0.0 9.6 Be(A,C,G,P,T/U(O4)) 
Local 
meta-
GGA 

revTPSS  1.7 1.6 0.0 7.8 Rb/Cs/Sr/Ba(A(N3)), Na(A(N1,N7),G(N3),T/U(O2)) 1.5 1.8 0.0 10.1 Be(A,C(N3),G,P(1B1NB,2B)) 

 TPSS  1.8 1.6 0.0 8.0 Rb/Cs/Sr/Ba(A(N3)),Na(A(N1,N7),G(N3),U(O2)) 1.8 2.3 0.0 12.5 Be(A,C/G(N3),G(N7),P(1B1NB,2B,T,U(O4)) 

 TPSS-D3  4.1 3.3 0.0 17.8 K(A/G(N3)),Rb(A(N3,N7)),Cs(A),Ba(A/G(N3)) 3.4 2.7 0.0 14.9 Be(A/G(N3),P(1BNB,2B)) 

 TPSS-D4  3.4 2.8 0.0 15.1 K/Rb/Cs/Ba(A(N3)),K/Ba(G(N3)),Cs/Ba(T(O4)) 2.7 2.4 0.0 12.6 Be(A/G(N3),P(2B)),Mg(A(N3)) 

 M06-L  4.3 3.3 0.1 18.0 Cs/Ca/Sr/Ba(A(N3)),Na(A(N1,N7),G(N3)) 4.2 3.3 0.0 13.2  

 M11-L  5.4 3.8 0.3 18.9 Cs/Ca/Sr/Ba(A(N3)),Na/Ca/Sr/Ba(G(N3)),Sr/Ba(T(O4)),Na(A(N7) 5.0 3.9 0.1 16.5  

 MN12-L  4.1 2.9 0.1 16.5 Na/Ba(G(N3)),Na(A(N7)) 3.5 2.7 0.1 12.2 Mg(P(2B)) 

 MN15-L  2.5 2.1 0.0 12.5 Na(A(N3,N7),G(N3),T/U(O2)) 2.5 2.9 0.0 11.8 Be(P,T,U),Mg(A(N7),G,C,P,T/U(O2)) 
Local 
GGA mPW91  1.5 1.7 0.0 11.6 Na(A(N1,N3),G(N3),U(O2)),K(G(N3)),Rb/Cs(A(N3)) 1.2 1.1 0.0 4.7 Be(A(N3),G,P(1B1NB,2B)) 
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 BLYP  2.0 1.7 0.0 8.4 Mg/Ba(A(N3)),Na(N1,N7)) 2.0 2.5 0.0 14.5 Be(A(N1,N7),C(N3),G,P(1B1NB,2B),T(O4),U),Mg(A(N3)) 

 BLYP-D3  6.0 4.8 0.3 26.3 K(A/G(N3)),Rb/Cs(A) 4.6 3.2 0.1 18.5 Be(G(N3), P(2B), T(O4),U(O2)),Mg(A(N3)) 

 BP86  2.4 2.6 0.0 13.3 Na(A(N1,N7),C,G(N3),T/U(O2)),Ba(A(N3)) 1.7 1.5 0.0 6.3 Be(A (N3), P(2B)),Mg(P(2NB)) 

 BP86-D3  5.4 5.6 0.1 27.5 Na(U(O4)),K(A/G(N3)),Rb/Cs(A) 3.3 2.4 0.1 10.2 Ba(P(2B)) 

 PBE  2.0 1.7 0.0 7.3 Na/K(A(N7)),Mg/Ba(A(N3)) 1.9 2.3 0.0 11.6 Be(A,G,P(1B1NB,2B),T,U),Mg(A(N3)) 

 PBE-D3  2.5 2.3 0.0 11.9 K(G(N3)),K/Rb/Mg/Sr/Ba(A(N3)),Ba(G(N3),T(O4)) 2.4 2.7 0.0 13.4 Be(A(N1,N3),G,P(1B1NB,2B),T(O4)),Mg(A(N3)) 

 PBE-D4  2.2 2.2 0.0 11.9 K/Rb/Cs/Mg/Ba(A(N3)),K(G(N3)),Ba(T(O4)) 2.0 2.5 0.0 12.7 Be (A(N1,N3),G,P(1B1NB,2B),T),Mg(A(N3)) 
Local 
LDA SVWN5  3.2 2.5 0.0 10.5 Li/Na/Mg(A(N3)),K(A(N7)) 3.0 3.0 0.0 13.7 Be(A(N3),G,P(2B)),Mg(A(N3),G(N7)) 

 aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) listed and the corresponding 
binding site in parentheses. 

 
 
Table C.5. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the double-hybrid family for each group II metal–nucleic acid 
complex, in addition to complexes that resulted in outliers according to boxplot statistics. 

Metal Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  

Be2+ 

B2-PLYP  0.8 0.4 0.1 1.6  2.3 1.2 0.4 5.0 P(2B)  
B2-PLYP-D3  1.3 0.5 0.3 2.3  3.6 1.4 1.5 6.7 P(2B)  
mPW2-PLYP  1.3 0.4 0.5 2.1  3.6 0.9 2.4 5.7   
PBE-QIDH  0.5 0.4 0.1 1.5 U(O2) 1.3 1.0 0.2 3.3 U(O2)  
PBE0-DH  0.6 0.3 0.0 1.1  1.7 0.9 0.1 3.0   

DSD-PBEP86  0.5 0.3 0.0 1.1  1.5 0.9 0.1 3.0   

Mg2+ 

B2-PLYP  0.8 0.4 0.2 1.7 T(O2) 1.5 0.7 0.7 3.1 P(2NB)  
B2-PLYP-D3  0.5 0.4 0.1 1.9 A(N3) 0.8 0.6 0.3 2.5 A(N3), P(2B)  
mPW2-PLYP  0.3 0.4 0.0 1.5 A(N3), U(O2) 0.5 0.6 0.0 2.0 A(N3)  
PBE-QIDH  2.4 0.9 1.1 3.9  4.1 0.8 3.1 5.6   
PBE0-DH  1.3 0.8 0.2 2.8  2.2 1.1 0.3 3.8   

DSD-PBEP86  1.8 0.6 0.8 3.0  3.2 0.8 1.7 4.6   

Ca2+ 

B2-PLYP  0.9 0.5 0.1 1.8  1.1 0.6 0.1 2.2 A(N3)  
B2-PLYP-D3  1.0 0.7 0.1 2.3  1.1 0.6 0.2 2.1   
mPW2-PLYP  1.1 0.6 0.4 2.2  1.3 0.5 0.4 2.1 A(N3), U(O4)  
PBE-QIDH  0.9 0.9 0.2 2.6 T/U(O2) 0.9 0.6 0.2 2.2 T/U(O2)  
PBE0-DH  0.8 0.8 0.0 2.4  0.8 0.6 0.1 1.9   

DSD-PBEP86  0.7 0.5 0.0 1.7  0.8 0.5 0.0 1.8   
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Table C.6. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the RSH family for each group II metal–nucleic acid complex, 
in addition to complexes that resulted in outliers according to boxplot statistics. 

Sr2+ 

B2-PLYP  0.6 0.4 0.1 1.2  0.6 0.3 0.3 1.4   
B2-PLYP-D3  1.9 1.0 0.5 3.7  1.9 0.6 1.0 2.9   
mPW2-PLYP  0.8 0.6 0.2 1.8  0.8 0.4 0.2 1.4   
PBE-QIDH  0.8 0.8 0.0 2.2  0.6 0.6 0.0 1.6   
PBE0-DH  0.9 0.7 0.0 2.4  0.7 0.5 0.1 1.5   

DSD-PBEP86  1.2 0.9 0.2 2.9  1.2 0.7 0.1 2.5   

Ba2+ 

B2-PLYP  0.6 0.6 0.1 2.0 A(N3) 0.6 0.5 0.1 1.2   
B2-PLYP-D3  3.4 1.5 1.2 5.5  3.1 0.8 2.1 4.5   
mPW2-PLYP  0.6 0.4 0.1 1.3  0.6 0.3 0.2 1.0   
PBE-QIDH  0.8 0.5 0.1 1.6  0.7 0.4 0.0 1.2   
PBE0-DH  1.1 0.6 0.1 2.1  1.1 0.6 0.0 2.1   

DSD-PBEP86  2.3 1.1 1.0 4.4  2.2 0.8 1.0 3.9 P(2B)  

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  

Be2+ 
M11  0.5 0.3 0.1 1.2 G(N3) 1.6 1.1 0.1 3.1   

MN12-SX  1.2 0.5 0.1 2.0  3.9 2.3 0.2 9.4 P(1B1NB,2B)  
MN12-SX-D3  1.0 0.4 0.2 1.9  3.4 2.2 0.5 8.7 P(1B1NB,2B)  

 ωB97M-V  0.3 0.2 0.1 0.6  1.0 0.5 0.2 1.7   

 

ωB97  2.4 0.6 1.5 3.6 G(N3) 6.9 1.0 5.0 9.0 G(N3)  
ωB97X  3.8 0.8 2.4 5.1  10.9 1.4 8.2 12.9   
ωB97X-D  3.4 0.7 2.2 4.5  9.8 1.3 6.9 11.3 A(N3)  
ωB97X-D3  1.3 0.4 0.6 2.1  3.8 1.3 1.4 5.5   

 ωB97X-V  0.3 0.2 0.0 0.7  0.8 0.5 0.0 1.5   

 

ωB97X-D4  0.5 0.3 0.1 1.2 A(N3) 1.4 0.7 0.3 2.8 G/A(N3)  
HSE06  1.3 0.5 0.6 2.5  3.8 1.2 1.4 5.6   

HSE06-D3  1.7 0.6 1.0 3.1 A(N3) 5.0 1.3 2.5 7.2 U(O2)  
LC-PBE  1.1 0.8 0.0 2.7  3.3 2.6 0.0 8.5   
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LC-ωPBE  0.9 0.5 0.0 1.7  2.8 1.6 0.0 5.5   
LC-ωPBE-D3  1.5 0.5 0.6 2.2 A(N3) 4.4 1.6 1.4 6.9   
CAM-B3LYP  2.3 0.5 1.2 3.0 P(2NB) 6.6 0.9 5.3 8.3   
CAM-B3LYP-

D3  2.8 0.7 1.5 3.8 P(2NB) 7.9 1.0 6.5 9.7   

Mg2+ 
M11  1.5 1.0 0.3 3.5  2.8 1.6 0.5 5.0   

MN12-SX  2.7 0.8 1.7 4.2  5.1 2.1 2.5 9.7   
MN12-SX-D3  2.1 0.8 1.0 3.5  4.1 2.0 1.4 8.4   

 ωB97M-V  0.5 0.5 0.0 1.5 G(N3), T/U(O2) 0.8 0.6 0.1 1.9   

 

ωB97  3.1 1.0 1.7 5.3  5.4 1.1 3.8 7.5   
ωB97X  4.3 1.3 2.5 6.9  7.7 1.4 5.4 9.8   
ωB97X-D  4.5 1.2 2.6 6.5  8.0 1.4 5.6 9.9   
ωB97X-D3  1.2 0.6 0.1 2.1 T/U(O2) 2.4 1.3 0.1 3.9   

 ωB97X-V  0.9 0.6 0.2 2.2 T/U(O2) 1.6 0.7 0.4 2.9   

 

ωB97X-D4  0.4 0.5 0.0 1.9 G(N3) 0.7 0.7 0.0 2.6 G(N3)  
HSE06  0.5 0.7 0.0 2.3 A(N3) 0.9 0.9 0.0 3.1 A(N3)  

HSE06-D3  1.0 0.8 0.1 3.5 A(N3) 1.7 1.1 0.1 4.6 T(O2), A(N3), G(N7)  
LC-PBE  0.8 0.7 0.2 2.4 G(N3,N7), C(O2) 1.5 1.4 0.3 5.0 G(N7)  

LC-ωPBE  1.1 0.7 0.0 2.3  1.8 0.9 0.1 3.1   
LC-ωPBE-D3  0.5 0.4 0.0 1.2  0.9 0.6 0.0 2.5 G(N7)  
CAM-B3LYP  1.6 0.7 0.7 3.0  2.9 1.0 1.6 5.1 G(N7)  
CAM-B3LYP-

D3  2.7 0.9 1.3 4.3 P(2NB) 4.8 1.0 3.3 6.9 G(N7)  

Ca2+ 
M11  2.6 1.2 1.1 4.5  3.2 1.4 1.0 5.0   

MN12-SX  5.4 2.0 2.4 9.4 A(N3) 6.2 1.5 4.3 9.3   
MN12-SX-D3  6.6 2.3 3.1 10.8 A(N3), P(2B) 7.6 1.6 5.7 10.8   

 ωB97M-V  0.7 0.7 0.1 2.3  0.8 0.5 0.1 1.8   

 

ωB97  1.5 0.9 0.5 3.8 G(N3) 1.6 0.6 0.7 2.9   
ωB97X  1.0 0.9 0.2 3.2 G(N3) 1.1 0.7 0.2 2.5   
ωB97X-D  1.3 0.8 0.1 2.8  1.5 0.7 0.1 2.5 T/U(O2)  
ωB97X-D3  4.5 1.1 2.7 6.1  5.5 2.0 3.2 10.2 P(2B,1B1NB)  

 ωB97X-V  1.0 0.8 0.3 2.7 G(N3) 1.1 0.5 0.4 2.1   

 
ωB97X-D4  3.4 1.2 1.6 5.5  3.9 1.0 2.4 5.9   

HSE06  0.8 0.7 0.0 2.1  0.8 0.6 0.0 1.7   
HSE06-D3  1.4 1.1 0.4 4.0 A(N3) 1.6 0.9 0.3 3.1   
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LC-PBE  1.7 1.4 0.3 5.3 G(N3) 1.8 0.9 0.7 4.1   
LC-ωPBE  1.1 1.0 0.2 3.2  1.1 0.7 0.3 2.5   

LC-ωPBE-D3  1.2 0.7 0.2 2.3  1.5 0.8 0.1 2.5   
CAM-B3LYP  1.1 1.0 0.0 3.6 G(N3) 1.2 0.8 0.0 2.8   
CAM-B3LYP-

D3  1.1 0.9 0.1 3.2 T/U(O4) 1.3 0.8 0.1 2.9 T(O4)  

Sr2+ 
M11  3.2 1.4 1.6 5.3  3.4 1.4 1.3 5.4   

MN12-SX  6.8 2.4 3.0 11.8 A(N3) 7.0 1.8 4.8 10.8   
MN12-SX-D3  8.4 2.9 3.8 13.8 P(2B,1B1NB) 8.6 1.9 6.6 12.7   

 ωB97M-V  0.5 0.6 0.0 2.0 G(N3) 0.4 0.4 0.0 1.3   

 

ωB97  1.2 1.0 0.1 3.8 G(N3) 1.2 0.7 0.1 2.4   
ωB97X  0.9 0.9 0.0 3.3 G(N3) 0.8 0.6 0.0 2.1   
ωB97X-D  2.1 1.1 0.6 4.1  2.1 0.9 0.4 3.7 T/U(O2), G(N7)  
ωB97X-D3  6.3 1.6 3.5 8.2  6.8 2.3 4.2 12.2 P(2B,1B1NB,2NB)  

 ωB97X-V  0.8 0.8 0.0 2.8 G(N3) 0.7 0.5 0.1 1.8   

 

ωB97X-D4  4.2 1.5 1.9 7.0  4.4 1.1 2.7 6.4   
HSE06  1.0 0.7 0.1 2.8 A(N3) 0.9 0.5 0.3 1.9 A(N3), G(N7)  

HSE06-D3  2.4 1.4 1.0 5.5 A(N3) 2.4 1.0 1.1 3.7   
LC-PBE  1.7 1.5 0.2 5.9 G(N3) 1.6 0.9 0.4 3.8 G(N3)  

LC-ωPBE  1.1 1.0 0.0 3.6  1.0 0.6 0.0 2.3   
LC-ωPBE-D3  1.7 0.9 0.3 3.2  1.8 0.9 0.2 3.2   
CAM-B3LYP  1.0 0.9 0.1 3.5 G(N3) 0.9 0.6 0.1 2.2 G(N3)  
CAM-B3LYP-

D3  2.0 1.3 0.3 4.5  2.0 1.0 0.2 3.7 T(O4)  

Ba2+ 
M11  3.8 1.5 1.8 6.0  3.7 1.5 1.4 5.7   

MN12-SX  7.8 2.7 3.6 13.2  7.3 2.2 4.8 12.0   
MN12-SX-D3  10.1 3.5 4.6 16.0  9.4 2.4 6.7 14.4   

 ωB97M-V  0.7 0.6 0.0 1.7  0.7 0.5 0.0 1.3   

 

ωB97  0.8 0.9 0.0 3.3 G(N3) 0.6 0.5 0.0 1.7   
ωB97X  0.8 0.7 0.1 2.8 G(N3) 0.6 0.4 0.1 1.5 G(N3,N7)  
ωB97X-D  5.7 2.6 2.1 9.2  5.0 1.3 2.5 6.9 T/U(O2)  
ωB97X-D3  8.6 2.5 4.5 12.1  8.3 2.7 5.7 14.4 P(2B,1B1NB,2NB)  

 ωB97X-V  0.7 0.6 0.1 2.2 G(N3) 0.5 0.3 0.2 1.2 A(N3)  

 
ωB97X-D4  7.6 2.8 3.3 11.8  6.9 1.6 4.7 10.0   

HSE06  1.3 1.2 0.0 4.0  1.3 1.0 0.0 2.7   
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Table C.7. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the GH meta-GGA family for each group II metal–nucleic acid 
complex, in addition to complexes that resulted in outliers according to boxplot statistics. 

HSE06-D3  3.9 1.7 1.9 7.4 A(N3), T(O4) 3.6 1.2 2.1 5.0   
LC-PBE  1.5 1.7 0.0 5.8 G(N3) 1.2 1.0 0.0 3.1   

LC-ωPBE  1.0 0.9 0.1 3.3  0.8 0.6 0.0 1.7   
LC-ωPBE-D3  2.9 1.2 1.3 5.0  2.7 1.0 1.0 4.1   
CAM-B3LYP  1.1 0.8 0.1 2.8  1.0 0.5 0.1 2.0   
CAM-B3LYP-

D3  3.5 1.7 1.4 6.6  3.2 1.1 1.2 4.7 T(O4)  

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 

Family Functional  MPE SD Min Max Outliersb MUE SD Min MAX Outliersb  

Be2+ 

M06  1.4 0.5 0.0 2.0 A(N3) 4.1 1.7 0.1 6.0   
M06-2X  0.8 0.3 0.3 1.3  2.4 0.6 1.4 3.3   
M06-HF  2.5 0.6 1.1 3.5 P(1B1NB,2B), A(N7) 7.3 1.7 5.1 10.5   
MN15  1.0 0.4 0.2 1.5  3.0 1.1 0.5 5.0   
BMK  1.3 0.5 0.6 2.5 T/U(O2) 3.6 1.0 2.3 5.6   

PW6B95  1.7 0.4 1.0 2.4  4.9 1.3 2.6 7.0   

Mg2+ 

M06  4.0 1.3 2.1 5.6  7.3 1.9 2.9 9.4 A(N3)  
M06-2X  0.3 0.2 0.0 0.7  0.5 0.4 0.0 1.4   
M06-HF  2.7 0.8 1.1 4.0 P(2B) 4.9 1.5 3.0 7.7   
MN15  3.1 1.0 1.7 4.7  5.5 1.3 3.7 7.5   
BMK  2.9 1.0 1.4 4.4  5.1 0.9 3.7 6.4   

PW6B95  0.5 0.5 0.0 2.0 A(N3) 0.9 0.7 0.0 2.7 A(N3), G(N7)  

Ca2+ 

M06  3.6 1.7 1.4 8.3 A(N3) 4.6 2.6 1.4 8.9   
M06-2X  0.9 0.5 0.2 1.7  1.2 0.8 0.1 2.9   

M06-HF  0.9 0.4 0.3 1.7  1.2 0.8 0.3 3.6 
A(N1), 

P(2NB,1B1NB), 
C(O2) 

 

MN15  1.6 1.0 0.6 3.8  1.8 0.7 0.8 2.9   
BMK  0.6 0.4 0.0 1.4  0.5 0.3 0.1 1.1   

PW6B95  0.9 0.7 0.0 2.1  0.8 0.6 0.0 2.0   
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Table C.8. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the GH GGA family for each group II metal–nucleic acid 
complex, in addition to complexes that resulted in outliers according to boxplot statistics. 

Sr2+ 

M06  3.8 1.9 1.7 9.0 A(N3) 4.3 2.3 1.4 8.2   
M06-2X  1.2 0.6 0.5 2.5  1.4 0.8 0.3 3.1   
M06-HF  1.0 0.4 0.4 1.9  1.2 0.7 0.3 2.9 P(2NB)  
MN15  1.4 1.1 0.0 3.8  1.3 0.8 0.1 2.4   
BMK  0.8 0.6 0.1 1.7  0.7 0.5 0.1 1.7   

PW6B95  1.0 0.6 0.2 1.9  1.0 0.4 0.2 1.6 C/T(O2)  

Ba2+ 

M06  4.2 1.9 2.2 9.2 A(N3) 4.3 2.3 1.6 8.1   
M06-2X  1.8 0.7 1.1 3.1  1.9 1.0 0.6 3.9   
M06-HF  1.5 0.8 0.1 2.8  1.6 1.0 0.0 3.7 P(2NB)  
MN15  0.9 0.9 0.0 3.0 G(N3) 0.6 0.5 0.1 1.6   
BMK  1.3 0.9 0.1 2.7  1.4 0.9 0.0 2.7   

PW6B95  1.3 0.8 0.1 2.9  1.4 0.9 0.0 2.7   

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  

Be2+ 

BH&HLYP  1.8 0.5 0.8 2.5  5.2 1.5 2.0 7.5   
SOGGA11-X  1.6 0.5 0.9 2.4  4.8 1.3 2.0 6.5   

B3PW91  0.6 0.4 0.1 1.7 A(N7) 1.9 1.1 0.3 3.9   
B3PW91-D3  1.6 0.6 0.8 3.2 A(N3) 4.5 1.4 2.1 7.3   

PBE0  1.4 0.5 0.6 2.4  4.2 1.3 1.3 5.9 U(O2)  
PBE0-D3  1.9 0.6 1.1 3.2  5.5 1.3 2.6 7.3 U(O2)  
B3LYP  2.2 0.8 0.9 3.7  6.2 1.5 4.3 9.2   

B3LYP-D3  3.1 1.0 1.4 5.1  8.7 1.8 6.2 12.5 P(2B)  
B3LYP-D4  2.3 0.9 0.9 4.3  6.5 1.7 4.4 9.8   

X3LYP  2.5 0.8 1.1 4.1  7.2 1.4 5.4 9.9   
X3LYP-D3  3.4 1.0 1.7 5.5  9.8 1.7 7.5 13.4   

O3LYP  2.4 0.8 1.2 4.3 A(N3) 6.8 1.7 4.8 10.0   
O3LYP-D3  3.4 1.0 1.9 5.9 A(N3) 9.8 2.1 7.3 14.1   

B97-2  0.3 0.3 0.1 1.2 A(N3) 1.0 0.7 0.2 2.7 A(N3)  
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TPSSh  2.0 0.7 0.9 3.4 G/A(N3) 5.8 1.9 3.0 9.6   

Mg2+ 

BH&HLYP  0.9 0.6 0.2 1.9  1.6 1.1 0.3 3.8   
SOGGA11-X  0.9 0.6 0.1 2.0  1.6 0.9 0.2 3.2   

B3PW91  1.5 0.7 0.5 3.1 U(O2) 2.7 1.0 0.7 4.0   
B3PW91-D3  0.7 0.7 0.0 2.8 A(N3) 1.1 1.0 0.1 3.7 A(N3)  

PBE0  0.6 0.7 0.0 2.1 A(N3), U(O2) 0.9 0.9 0.0 2.8   
PBE0-D3  1.0 0.8 0.1 3.2 A(N3) 1.7 1.0 0.1 4.3 A(N3), G(N7), T(O2)  
B3LYP  1.0 1.0 0.0 4.0 A(N3) 1.6 1.3 0.0 5.3 A(N3)  

B3LYP-D3  2.9 1.2 1.0 6.1 A(N3) 5.0 1.3 3.3 8.2 A(N3)  
B3LYP-D4  1.7 1.2 0.2 5.3 A(N3) 2.8 1.5 0.9 7.0 A(N3)  

X3LYP  1.6 1.0 0.4 4.7 A(N3) 2.7 1.2 1.4 6.3 A(N3)  
X3LYP-D3  3.8 1.4 1.6 7.2 A(N3) 6.7 1.4 4.5 9.6 A(N3), P(2B)  

O3LYP  0.7 1.1 0.0 4.4 A(N3) 1.1 1.5 0.1 5.9 A(N3)  
O3LYP-D3  2.9 1.6 1.3 7.6 A(N3) 5.1 1.9 2.7 10.1 A(N3)  

B97-2  2.1 0.9 0.2 3.7  3.8 1.2 0.3 5.1 A(N7)  
TPSSh  0.6 0.8 0.0 3.0 A(N3) 1.0 1.0 0.0 4.0 A(N3)  

Ca2+ 

BH&HLYP  1.1 1.1 0.0 4.6 G(N3) 1.1 0.8 0.1 3.5 G(N3)  
SOGGA11-X  0.6 0.6 0.0 2.1 G(N3), U(O2) 0.5 0.4 0.0 1.6 G(N3), U(O2)  

B3PW91  0.7 0.8 0.0 2.9 A(N3) 0.7 0.6 0.0 2.3 A(N3)  
B3PW91-D3  3.9 1.6 1.6 7.0  4.4 1.0 2.7 5.9   

PBE0  0.8 0.8 0.0 2.2  0.8 0.6 0.0 1.8   
PBE0-D3  1.3 1.0 0.2 3.7 A(N3) 1.5 0.9 0.1 2.9   
B3LYP  0.8 0.5 0.1 1.6  0.8 0.4 0.2 1.6   

B3LYP-D3  3.2 1.5 1.0 5.9  3.5 0.9 2.4 5.4   
B3LYP-D4  2.0 1.5 0.4 5.1  2.1 1.2 0.7 4.7 T(O4)  

X3LYP  0.9 0.6 0.0 1.9  0.9 0.5 0.0 1.9   
X3LYP-D3  3.9 1.5 1.6 6.6  4.5 1.0 3.3 6.5   

O3LYP  0.9 0.9 0.0 2.7  0.8 0.7 0.0 2.1   
O3LYP-D3  5.6 2.0 3.0 9.6  6.6 2.0 3.8 10.9 P(2B)  

B97-2  0.7 0.6 0.1 2.5 A(N3) 0.7 0.5 0.1 1.9 A(N3)  
TPSSh  0.8 0.8 0.0 3.4 A(N3) 0.9 0.7 0.1 2.7 A(N3)  

Sr2+ 

BH&HLYP  1.1 1.2 0.0 4.6 G(N3) 1.0 0.9 0.0 3.0   
SOGGA11-X  0.8 0.5 0.1 1.7 G(N3), U(O2) 0.7 0.4 0.1 1.4   

B3PW91  1.0 1.0 0.1 4.0 A(N3) 1.1 0.8 0.1 2.8   
B3PW91-D3  5.0 2.0 2.1 8.8  5.1 1.1 3.4 6.7   
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PBE0  0.9 0.7 0.1 2.7  0.8 0.5 0.2 1.8   
PBE0-D3  2.1 1.3 1.0 5.0 A(N3) 2.2 1.0 0.8 3.4   
B3LYP  0.8 0.9 0.0 2.8  0.7 0.6 0.0 1.9   

B3LYP-D3  4.4 1.9 1.6 7.6  4.4 1.0 3.3 6.2   
B3LYP-D4  2.7 1.8 0.7 6.4  2.6 1.2 0.9 5.2   

X3LYP  0.9 0.8 0.0 2.3  0.7 0.6 0.0 1.6   
X3LYP-D3  5.9 2.1 2.5 9.0  6.0 1.3 4.6 8.4   

O3LYP  0.9 1.0 0.2 4.0  0.9 0.6 0.2 2.7 A(N3)  
O3LYP-D3  8.5 2.9 4.5 13.6  8.9 2.5 5.6 14.1 P(2B,1B1NB,2NB)  

B97-2  0.9 0.9 0.1 3.5 A(N3) 1.0 0.7 0.1 2.4 A(N3)  
TPSSh  1.2 1.2 0.0 4.6 A(N3) 1.3 0.9 0.0 3.1 A(N3)  

Ba2+ 

BH&HLYP  1.6 1.2 0.1 4.0  1.5 1.1 0.1 3.1   
SOGGA11-X  1.3 0.8 0.1 2.3  1.3 0.8 0.1 2.6   

B3PW91  1.9 1.3 0.3 5.2  1.9 1.2 0.2 3.3   
B3PW91-D3  6.9 2.7 3.0 11.1  6.3 1.4 4.5 8.6   

PBE0  1.2 1.1 0.1 3.8  1.3 0.9 0.1 2.5   
PBE0-D3  3.4 1.6 1.7 6.7 A(N3) 3.3 1.2 1.7 4.7   
B3LYP  1.6 1.2 0.0 4.2  1.6 1.0 0.0 2.8   

B3LYP-D3  6.5 2.6 2.6 10.4  5.8 1.3 4.3 7.9   
B3LYP-D4  5.0 2.5 1.8 9.8  4.4 1.3 2.5 7.0   

X3LYP  1.4 1.2 0.0 3.6  1.4 0.9 0.0 2.4   
X3LYP-D3  8.6 3.1 3.8 12.5  7.9 1.8 6.1 11.4   

O3LYP  1.5 1.4 0.2 5.3 A(N3) 1.6 1.2 0.1 3.2   
O3LYP-D3  12.4 4.4 6.4 19.9  11.6 3.5 7.7 18.6 P(2B,1B1NB,2NB)  

B97-2  1.5 1.3 0.0 4.5  1.7 1.2 0.0 3.4   
TPSSh  2.2 1.4 0.7 5.8  2.2 1.2 0.5 4.0   

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 
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Table C.9. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the meta-GGA family for each group II metal–nucleic acid 
complex, in addition to complexes that resulted in outliers according to boxplot statistics. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  

Be2+ 

revTPSS  1.9 0.9 0.6 3.8 G/A(N3) 5.5 2.4 2.7 10.1   
TPSS  2.5 1.0 0.8 4.4 P(2NB), G(N3) 7.1 2.5 4.2 12.5 P(2B)  

TPSS-D3  3.1 1.1 1.2 5.4 P(2NB), G/A(N3) 9.0 2.7 5.9 14.9 P(2B)  
TPSS-D4  2.6 1.0 0.8 4.8 P(2NB), G/A(N3) 7.4 2.5 4.3 12.6 P(2B)  

M06-L  1.6 0.7 0.5 2.6  4.5 1.7 1.2 7.2   
M11-L  2.1 0.8 0.3 3.5  6.2 2.4 0.8 9.7   

MN12-L  0.9 0.6 0.1 2.0  2.9 2.6 0.2 9.4 P(2B)  
MN15-L  2.5 0.8 1.6 4.1  7.3 2.1 4.2 11.4   

Mg2+ 

revTPSS  0.8 1.0 0.1 3.7 A(N3) 1.4 1.3 0.2 4.9 A(N3)  
TPSS  1.0 1.3 0.0 4.9 A(N3) 1.6 1.8 0.0 6.5 A(N3)  

TPSS-D3  2.3 1.6 0.3 6.5 A/G(N3) 3.8 2.1 1.1 8.7 A(N3), P(2B)  
TPSS-D4  1.5 1.5 0.2 6.0 A(N3) 2.5 2.0 0.6 8.0 A/G(N3)  

M06-L  4.4 1.3 2.3 6.6  7.8 1.8 4.5 10.9 A(N3)  

M11-L  3.2 1.2 1.1 5.3  5.8 2.1 1.5 9.6 A(N3), T/U(O4), 
P(2B), A(N7)  

MN12-L  3.5 1.0 2.2 5.0  6.6 2.4 3.8 12.2   
MN15-L  4.4 1.1 2.5 6.5  7.9 1.8 5.1 11.8 P(2B)  

Ca2+ 

revTPSS  1.0 1.1 0.1 4.0 A(N3) 1.0 0.8 0.1 3.1 A(N3)  
TPSS  1.0 1.1 0.2 4.3 A/G(N3) 1.1 0.9 0.2 3.4 A(N3)  

TPSS-D3  3.1 1.8 0.8 7.1 A(N3) 3.4 1.3 1.7 5.6   
TPSS-D4  2.5 1.7 0.4 5.9  2.6 1.2 1.1 4.7   

M06-L  6.7 2.6 3.9 13.3 A(N3) 8.0 2.9 4.5 13.2   
M11-L  7.9 3.2 4.2 16.0 A(N3) 9.3 2.8 4.9 15.0   

MN12-L  4.4 1.8 1.7 8.7 A(N3) 5.0 1.4 2.8 7.3   
MN15-L  0.8 0.8 0.2 2.4 A(N3), T(O2) 0.9 0.8 0.2 2.3   

Sr2+ 

revTPSS  1.3 1.4 0.1 5.3 A(N3) 1.2 0.9 0.2 3.6 A(N3)  
TPSS  1.5 1.5 0.3 5.7 A/G(N3) 1.4 1.1 0.2 3.9 A(N3)  

TPSS-D3  4.2 2.2 1.3 8.8 A(N3) 4.1 1.3 2.5 6.2   
TPSS-D4  3.2 1.9 0.8 7.1  3.1 1.2 1.6 4.9   

M06-L  6.0 2.6 3.6 12.8 A(N3) 6.5 2.7 3.3 11.0   
M11-L  8.9 3.7 4.4 18.3 A(N3) 9.3 3.2 4.6 16.1   
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Table C.10. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the GGA family for each group II metal–nucleic acid complex, 
in addition to complexes that resulted in outliers according to boxplot statistics. 

MN12-L  5.7 2.2 2.3 10.8 A(N3) 5.8 1.7 3.4 9.1   
MN15-L  1.1 0.9 0.2 3.7 A(N3), T(O2) 1.0 0.6 0.4 2.6 A(N3)  

Ba2+ 

revTPSS  2.3 1.8 0.3 6.6 A(N3) 2.1 1.3 0.2 4.0   
TPSS  2.6 1.8 0.9 7.0 A(N3) 2.5 1.4 0.6 4.6   

TPSS-D3  5.9 2.8 2.3 10.8  5.3 1.5 3.5 8.3   
TPSS-D4  5.3 2.6 1.9 9.4  4.7 1.4 2.8 6.9   

M06-L  5.9 2.5 3.6 12.3  5.8 2.6 2.8 10.0   
M11-L  9.2 4.0 5.0 18.9 A(N3) 8.9 3.7 3.6 16.5   

MN12-L  6.9 2.5 3.1 12.4 A(N3) 6.5 2.2 3.6 10.9   
MN15-L  2.0 1.5 0.1 5.4  1.9 1.0 0.1 3.6   

aOutliers in the boxplot statistics for a given complex are provided with the nucleic acid component (A, C, T, G, U, or P) listed 
and the corresponding binding site in parentheses. 

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  

Be2+ 

mPW91  1.1 0.4 0.3 2.0  3.1 1.2 0.6 4.7 U(O2)  
BLYP  2.4 1.3 0.5 4.5  6.9 3.5 1.9 14.5   

BLYP-D3  3.5 1.4 1.1 5.6  10.0 3.7 5.7 18.5   
BP86  0.7 0.8 0.0 2.8 G/A(N3) 2.0 2.2 0.1 6.3 A(N3), P(2B)  

BP86-D3  1.4 1.1 0.1 4.2 A(N3) 3.8 2.9 0.2 9.6 A(N3), P(2B)  
PBE  2.5 1.1 0.6 4.4 P(2NB), G/A(N3) 7.1 2.5 3.2 11.6   

PBE-D3  2.9 1.2 0.9 5.3  8.3 2.6 4.6 13.4 A/G(N3), P(2B)  

PBE-D4  2.6 1.2 0.6 5.5  7.3 2.7 3.3 12.7 A/G(N3), 
P(2NB,2B)  

Mg2+ 

mPW91  0.9 0.6 0.2 2.3 T/U(O2) 1.6 0.7 0.3 3.0   
BLYP  2.2 2.1 0.3 8.4 A(N3) 3.5 2.7 0.6 11.2 A(N3)  

BLYP-D3  4.1 2.5 0.7 10.2 A(N3) 6.9 3.1 2.1 13.7 A(N3), T(O2), 
P(2B, 2NB)  

BP86  1.6 0.8 0.3 3.3  2.9 1.4 0.6 6.0   
BP86-D3  1.1 1.5 0.1 5.7 A/G(N3) 1.9 2.0 0.1 7.6 A(N3)  

PBE  1.8 2.1 0.2 7.3 G/A(N3), T(O2) 2.8 2.7 0.7 9.8 A(N3)  
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PBE-D3  2.6 2.1 0.2 8.5 A/G(N3) 4.2 2.7 0.6 11.3 A(N3)  
PBE-D4  2.0 2.0 0.2 8.1 A/G(N3) 3.2 2.6 0.6 10.8 A/G(N3)  

Ca2+ 

mPW91  0.7 0.6 0.0 2.0  0.7 0.5 0.1 1.6   
BLYP  1.1 0.8 0.2 3.4 A(N3) 1.2 0.8 0.2 2.9 P(2NB)  

BLYP-D3  3.9 2.3 0.7 7.9  4.1 1.5 1.6 6.4   
BP86  1.0 1.3 0.0 4.8 A/G(N3) 1.0 1.0 0.1 3.8 A(N3)  

BP86-D3  4.2 2.3 1.1 9.1  4.5 1.4 2.6 7.1   
PBE  1.2 1.1 0.0 3.8  1.3 0.9 0.0 3.0   

PBE-D3  1.3 1.6 0.0 5.6 A(N3) 1.3 1.2 0.0 4.4   
PBE-D4  1.1 1.4 0.0 5.0 A(N3) 1.1 1.1 0.0 3.9 A(N3)  

Sr2+ 

mPW91  0.9 0.8 0.1 3.0  0.9 0.6 0.1 2.0 A(N3)  
BLYP  1.3 1.4 0.1 5.2 A(N3) 1.1 0.9 0.1 3.5 A(N3)  

BLYP-D3  5.6 2.9 1.5 10.5  5.3 1.4 2.9 7.4   
BP86  1.4 1.8 0.0 6.4 A/G(N3) 1.3 1.2 0.0 4.3 A(N3)  

BP86-D3  5.8 2.9 1.9 11.7  5.6 1.3 3.8 7.9   
PBE  1.2 1.3 0.2 5.2  1.0 0.8 0.4 3.5 A(N3)  

PBE-D3  2.2 2.0 0.4 7.3 A(N3) 2.0 1.3 0.6 5.0   
PBE-D4  1.7 1.9 0.1 6.3 A(N3) 1.5 1.3 0.1 4.3   

Ba2+ 

mPW91  1.3 1.2 0.1 4.1  1.5 1.1 0.0 2.9   
BLYP  2.4 1.9 0.4 6.8  2.1 1.2 0.3 4.0   

BLYP-D3  8.0 3.8 2.7 13.7  7.0 1.6 4.4 9.7   
BP86  2.6 2.1 0.7 7.8 A(N3) 2.4 1.3 0.4 4.6   

BP86-D3  8.2 3.8 3.0 14.4  7.2 1.6 5.2 10.2   
PBE  1.7 1.8 0.2 6.5 A(N3) 1.5 1.2 0.1 3.8   

PBE-D3  3.7 2.4 1.3 9.0  3.3 1.4 1.5 5.5   
PBE-D4  3.5 2.4 1.1 8.3  3.1 1.4 0.9 4.9   

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 
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Table C.11. Calculated errors in functional performance reported as MPEs (%) and MUEs (kcal/mol) as well as standard (SD), 
minimum (Min), and maximum (Max) deviations evaluated for the LDA family for each group II metal–nucleic acid complex, 
in addition to complexes that resulted in outliers according to boxplot statistics. 

 
 
 

  

Family Functional  MPE SD Min Max Outliersa MUE SD Min MAX Outliersa  
Be2+ SVWN5  3.0 1.1 1.1 5.3  8.5 2.3 5.6 12.8   
Mg2+ SVWN5  4.2 2.2 1.4 10.3 A(N3) 7.2 2.7 4.0 13.7 A(N3), G(N7)  
Ca2+ SVWN5  2.0 1.3 0.4 4.0  2.2 1.2 0.4 4.0   
Sr2+ SVWN5  1.8 1.4 0.2 4.7  1.6 1.0 0.4 3.3   
Ba2+ SVWN5  1.9 1.7 0.1 6.2 A(N3) 1.5 1.1 0.0 3.7 A(N3), G(N7)  

aOutliers in the boxplot statistics for a given complex are provided, with the nucleic acid component (A, C, T, G, U, or P) 
listed and the corresponding binding site in parentheses. 
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Figure C.1. The distinct structural motif formed between Ca2+ (blue), Sr2+ (green), or Ba2+ 
(purple) and the phosphate moiety at the 2 bridging oxygens, with an additional contact 
formed with a non-bridging oxygen. 
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Figure C.2. Boxplots of the unsigned errors (kcal/mol) for group I metals (top), group II 
metals (middle), and group I and II metals (bottom). Each color represents a functional 
family according to the rungs of Jacob’s Ladder. The boxplot statistics for group I metal–
nucleic acid interactions were adapted from our previous study.1 

 

 

 

 



403 
 

 

 
Figure C.3. Boxplot of the unsigned errors (kcal/mol) for the double-hybrid family with 
respect to CCSD(T)/CBS reference values grouped according to group II metal. 

 

 
Figure C.4. Boxplot of the unsigned errors (kcal/mol) for the range-separated hybrid family 
with respect to CCSD(T)/CBS reference values grouped according to group II metal. 
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Figure C.5. Boxplot of the unsigned errors (kcal/mol) for the global hybrid meta-GGA 
family with respect to CCSD(T)/CBS reference values grouped according to group II metal. 

 

 
Figure C.6. Boxplot of the unsigned errors (kcal/mol) for the global hybrid GGA family 
with respect to CCSD(T)/CBS reference values grouped according to group II metal. 

 



405 
 

 
Figure C.7. Boxplot of the unsigned errors (kcal/mol) for the meta-GGA family with 
respect to CCSD(T)/CBS reference values grouped according to group II metal. 

 

 
Figure C.8. Boxplot of the unsigned errors (kcal/mol) for the GGA family with respect to 
CCSD(T)/CBS reference values grouped according to group II metal. 

 



406 
 

 
Figure C.9. Boxplot of the unsigned errors (kcal/mol) for the LDA family with respect to 
CCSD(T)/CBS reference values grouped according to group II metal. 
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Appendix D 

Supplementary Information for Chapter 5: Assessment of DFT Methods for the 
Structural Prediction of Transition and Post-Transition Metal–Nucleic Acid 

Complexes 

Contains Tables D.1–D.23 and Figures D.1–D.35
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Section D.1. Description of Analysis Metrics: 

The analysis metrics used throughout the Results and Discussion include the all-

heavy-atom and inner-shell root-mean-square-deviations (RMSDs), average RMSDs 

(ARMSDs), maximum RMSDs (Max RMSDs), as well as inner-shell mean percent errors 

(MPEs) and maximum percent errors (Max PEs). Note that the term ‘heavy-atom’ refers to 

all atoms excluding hydrogen. 

All-heavy-atom and inner-shell RMSD were calculated as:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  �
1
𝑁𝑁
�𝛿𝛿𝑖𝑖2
𝑁𝑁

𝑖𝑖=1

 

wherein N is the number of heavy atoms in the complex for the all-heavy-atom RMSD or 

the number of heavy atoms within the coordination sphere for the inner-shell RMSD, and 

δi is the distance between the position of atom i in the calculated structure and the reference 

crystallographic structure. The calculated ARMSD is the average RMSD over all 

complexes for a given functional or DFT functionals for a given complex. The Max RMSD 

is the largest deviation in the inner-shell or global structure over all complexes in the test 

set. 

The inner-shell MPE was calculated as: 

𝑀𝑀𝑀𝑀𝑀𝑀 =  
100
𝑁𝑁

��
𝑥𝑥𝑖𝑖 − 𝑦𝑦𝑖𝑖
𝑥𝑥𝑖𝑖

�
𝑁𝑁

𝑖𝑖=1

 

wherein N is the number of coordination distances, xi is the crystallographic coordination 

distance, and yi is the calculated coordination distance. The Max PE corresponds to the 

largest deviation in a coordination distance over all complexes in the test set. 
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Section D.2. Fractional Occupation Number Weighted Density Analysis Results: 

Although DFT can accurately describe the ground-state properties of molecules, the 

single-Slater determinant can limit the reliable DFT description of systems containing 

strong static electron correlation. The first-row transition metals are particularly susceptible 

to multi-reference behavior since partially filled d-orbitals lead to multiple near-degenerate 

electronic configurations and therefore can experience greater static electron correlation 

effects. Additionally, multi-reference complexes with large delocalization are considered 

notoriously difficult systems to describe by DFT.1 Although multireference configuration 

interaction (MR-CI) is generally recommended for the chemical properties of 

multireference systems,2 such methods are prohibitively computationally expensive for 

predicting the electronic structure of large biomolecules. Therefore, it is important to assess 

the ability of DFT functionals to offer a reasonable description of the geometry of first-row 

transition metal–nucleic acid complexes. Nevertheless, each system must be carefully 

assessed for static correlation effects. In this light, we used the fractional occupation 

number weighted density (FOD) analysis1-3 as a qualitative diagnostic tool to identify and 

visualize the multi-reference character in the 53 nucleic acid–metal complexes investigated 

in the present study (Figure D.5–D.8).   

As anticipated, the first-row transition metals suffer the most from strong static 

correlation effects. Indeed, Cr3+, Mn2+, Co2+, Fe2+, and Cu2+ generally have the largest 

NFOD values (> 0.7), while Ni2+ and Zn2+ have NFOD values of ~0.05–0.52 (Figure D.5). 

Among the complexes involving the heavier metals, only DOMQAZ (Au2+) and 4I1G (Pt2+) 

exhibit NFOD values > 0.7, while the remaining heavier metal–nucleic acid complexes 

show minimal static electron correlation effects (NFOD ~0.08–0.50; Figure D.6). Despite 

the first-row metals showing a high degree of static correlation, the effects are localized on 
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the metal center for many complexes (i.e., those involving Fe2+, Cr3+, or Mn2+). There is a 

higher degree of delocalization about the metal center for Cu2+ complexes and select Co2+ 

complexes (1FD5 and QAFLOZ).  

To ensure the general trends in functional performance prevail regardless of NFOD 

value, we divided our 41 test set into two groups, namely complexes with low multi-

reference character (NFOD < 0.7) and complexes with high multi-reference character 

(NFOD > 0.7), and reanalyzed the reliability of functionals for each subgroup. Overall, 19 

complexes (Figure D.5, Appendix D) that span different metals contain high multi-

reference character is treated as a separate test set (denoted 19 subset), which includes the 

Cr3+ (XOSLUO), Mn2+ (2OEU, 4HIG, 4DWY), Fe2+ (HOPJAY, MORHEJ, WAWPUF, 

FOJPOM), Co2+ (QAFLOZ, AZINAA, 1FD5, 5FHJ), Cu2+ (FUDQUR, 1D39, AMPCUS, 

AMADCS, JUNGIK), Pt2+ (4I1G), and Au2+ (DOMQAZ) complexes. The remaining 

complexes (Figure D.6) with low multi-reference character comprise the so-called 22 

subset. The most reliable functionals for geometries across the 19 subset are ωB97X-V, 

ωB97X-D3(BJ), and MN15, which have the smallest MPEs (~7–8%) and Max PEs (~46–

47%), in addition to small all-heavy-atom ARMSDs (~0.28–0.31 Å) and Max RMSDs 

(~0.56–0.70 Å; Figure D.8; Table D.4). For the 22 subset with low multi-reference 

character, the methods with the lowest MPEs (< 3%), all-heavy-atom ARMSDs (0.332–

0.343 Å), and fairly low Max PEs (~8–11%) and RMSDs (~0.750–0.780 Å) are ωB97X-V, 

ωB97X-D3(BJ), and MN15, although all functionals have highly similar MPEs (up to 

~4%), Max PEs (up to ~14%), all-heavy-atom ARMSDs (up to ~0.39 Å), and fluctuating 

Max RMSDs (up to ~1.1 Å).  

Overall, all functionals describe the global geometries of the metal–nucleic acid 

complexes in the two subsets similarly, with average all-heavy-atom ARMSDs of 0.353 Å 
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(22 subset) and 0.364 Å (19 subset), and average inner-shell MPEs of 3.3% (22 subset) and 

9.5% (19 subset). Most importantly, regardless of whether complexes with the greatest 

multi-reference character are excluded, ωB97X-V, ωB97X-D3(BJ), and MN15 remain as 

the top three performing methods for accurately reproducing the geometries as found over 

the 41 complex test set (Figure D.8). In fact, regardless of the multireference character, 

there are DFT methods that can reliably describe the geometries of metal–nucleic acid 

complexes and we discuss our entire 41 test set in the main text. Furthermore, for the 12 

challenging complexes that could not be reproduced with any DFT method (Figure D.7), 

the NFOD values range between 0.076 and 1.652 and therefore there is no correlation 

between the ability to optimize nucleic acid–metal complexes and the degree of multi-

reference character. Nevertheless, although reasonable geometries can be calculated for all 

complexes in the 41 test set using single-reference DFT methods, multi-reference methods 

should be used to accurately describe the energetics of complexes showing significant 

multi-reference character.4 
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Table D.1. Comparison of inner-shell MPEs (%), Max PEs (%), and RMSDs (Å), as well as all-heavy-atom RMSDs (Å) for 12 representative 
complexes from all-electron gas-phase MN15 optimizations with def2-SVP or def2-TZVP.a  

  def2-SVP  def2-TZVP  Absolute Differences 

  Inner Shell All Heavy 
Atom  Inner Shell All Heavy 

Atom  Inner Shell All Heavy 
Atom 

Complex  MPE Max 
PE RMSD  RMSD   MPE Max 

PE RMSD  RMSD   MPE Max 
PE RMSD  RMSD 

4HIG  18.7 37.5 0.338  0.250   19.3 38.3 0.347  0.257   0.6 0.8 0.009  0.007 
1FD5  8.6 14.3 0.262  0.318   8.9 15.0 0.282  0.290   0.3 0.7 0.020  0.028 

JENGEO  0.6 1.8 0.050  0.091   0.8 2.2 0.054  0.093   0.2 0.4 0.004  0.002 
AWUBAW  5.8 8.8 0.223  0.389   7.5 11.3 0.240  0.393   1.7 2.5 0.017  0.004 

5IX7  4.3 4.5 0.083  0.613   4.4 4.6 0.085  0.610   0.1 0.1 0.002  0.003 
BORFOE  2.9 5.4 0.154  0.662   3.9 6.0 0.250  0.313   1.0 0.6 0.096  0.349 
MELTON  3.5 5.1 0.265  0.447   4.0 5.7 0.260  0.446   0.5 0.6 0.005  0.001 
HOPJAY  6.4 8.9 0.157  0.192   6.3 8.6 0.152  0.184   0.1 0.3 0.005  0.008 
AHOFEK  0.7 1.3 0.025  0.032   0.8 0.9 0.017  0.027   0.1 0.4 0.008  0.005 
GIKTIE  1.6 1.8 0.049  0.369   1.2 1.4 0.045  0.349   0.4 0.4 0.004  0.020 

FUDQUR  3.3 5.2 0.083  0.147   3.4 7.8 0.089  0.140   0.1 2.6 0.003  0.007 
PUBPOR  2.1 3.4 0.174  0.292   1.6 3.2 0.166  0.289   0.5 0.2 0.008  0.003 
Averageb  4.9  0.155  0.317   5.2  0.166  0.283   0.5  0.015  0.036 

  aModels for the complexes explored are shown in Figure 5.1. bAverage MPE or RMSD calculated across all complexes. 
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Table D.2. Comparison of inner-shell MPEs (%), Max PEs (%), and RMSDs (Å), as well as all-heavy-atom RMSDs (Å) for the 2 negatively 
charged complexes in the 41 test set from all-electron gas-phase MN15 optimizations with def2-SVP or def2-SVPD.a  

  def2-SVP  def2-SVPD Absolute Differences 

  Inner Shell All Heavy 
Atom  Inner Shell All Heavy 

Atom  Inner Shell All Heavy 
Atom 

Complex  MPE Max 
PE RMSD  RMSD   MPE Max 

PE RMSD  RMSD   MPE Max 
PE RMSD RMSD 

XOSLUO  1.0 1.5 0.052  0.113   0.8 1.4 0.050  0.112   0.2 0.1 0.002 0.001  
5IX7  4.3 4.5 0.083  0.613   4.1 4.3 0.079  0.611   0.2 0.2 0.004 0.002  

Averageb  2.7  0.068  0.363   2.4  0.064  0.361   0.2 0.2 0.003 0.002  
  aModels for the complexes explored are shown in Figure 5.1. bAverage MPE or RMSD calculated across all complexes. 

 

Table D.3. Comparison of inner-shell MPEs (%), Max PEs (%), and RMSDs (Å), as well as all-heavy-atom RMSDs (Å) for 10 representative 
complexes from all-electron gas-phase MN15 optimizations with a scalar-relativistic (SDD) or relativistic (ZORA) basis set.a  

  SDD  ZORA   Absolute Differences 

  Inner Shell All Heavy 
Atom  Inner Shell All Heavy 

Atom   Inner Shell  All Heavy 
Atom 

Complex  MPE Max 
PE RMSD  RMSD   MPE Max 

PE RMSD  RMSD   MPE Max 
PE RMSD  RMSD 

AHOFEK  0.7 1.3 0.025  0.032   0.6 0.8 0.020  0.029   0.1 0.5 0.005  0.003 
BORFOE  2.9 5.4 0.066  0.123   2.8 5.2 0.157  0.673   0.1 0.2 0.091  0.550 
BUDDUA  1.7 2.1 0.064  0.461   1.9 2.4 0.053  0.433   0.2 0.3 0.011  0.028 
CODLAL  1.9 5.2 0.249  0.287   1.9 6.1 0.251  0.288   0.0 0.9 0.022  0.001 
DEGJUU  2.0 3.5 0.069  0.197   1.3 2.6 0.061  0.190   0.7 0.9 0.008  0.007 
DOMQAZ  1.3 2.9 0.063  0.270   0.9 1.8 0.055  0.258   0.4 1.1 0.008  0.012 

GIKTIE  1.6 1.8 0.049  0.369   0.8 1.0 0.041  0.358   0.8 0.8 0.008  0.011 
MEHSEY  3.0 6.2 0.032  0.341   3.2 6.6 0.032  0.671   0.2 0.4 0.000  0.330 
PUBPOR  2.1 3.4 0.174  0.292   1.8 2.6 0.135  0.253   0.3 0.8 0.039  0.039 
WIPRUL  3.1 6.4 0.103  0.152   2.6 5.5 0.091  0.149   0.5 0.9 0.012  0.003 
Averageb  2.0  0.089  0.252   1.8  0.090  0.330   0.3  0.018   0.098 

  aModels for the complexes explored are shown in Figure 5.1. bAverage MPE or RMSD calculated across all complexes. 
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Table D.4. Comparison of all-heavy-atom ARMSDs (Å) and Max RMSDs (Å), and inner-shell MPEs (%), and Max PEs (%) for each 
functional from all-electron gas-phase optimizations on the 41, 19, and 22 test set devised based on the fractional occupation density (FOD) 
analysis.a 

  41 Complexesa  19 Complexesb  22 Complexesc 

  All Heavy Atom  Inner Shell  All Heavy Atom Inner Shell  All Heavy Atom  Inner Shell 

Functional  ARMSD Max 
RMSD  MPE Max 

PE  ARMSD Max 
RMSD  MPE Max 

PE  ARMSD Max 
RMSD  MPE Max 

PE 
B3LYP  0.373 1.038  6.6 103.8  0.391 1.038  10.1 103.8  0.358 0.692  3.6 10.5 

B3LYP-D3  0.339 0.982  6.0 106.0  0.331 0.982  9.0 106.0  0.346 0.780  3.4 10.0 
B97D3  0.388 1.092  6.5 75.2  0.386 0.796  9.8 75.2  0.390 1.092  3.7 14.5 
BLYP  0.388 1.138  7.5 94.2  0.411 1.138  11.2 94.2  0.369 0.697  4.3 12.9 

BLYP-D3  0.371 0.849  6.7 72.2  0.387 0.849  10.1 72.2  0.357 0.806  3.8 11.3 
BP86  0.393 1.113  7.0 89.3  0.428 1.113  11.0 89.3  0.363 0.686  3.6 12.2 

BP86-D3  0.378 0.848  6.5 71.7  0.383 0.848  10.1 71.7  0.361 0.801  3.5 11.5 
MN15  0.310 0.777  5.2 46.2  0.283 0.561  8.0 46.2  0.332 0.777  2.8 8.8 

MN15-L  0.338 0.764  6.1 45.2  0.310 0.764  9.0 45.2  0.362 0.739  3.6 11.2 
PW6B95  0.346 0.971  5.8 95.8  0.352 0.971  9.3 95.8  0.340 0.756  2.7 10.3 

PBE  0.415 1.149  7.0 89.3  0.469 1.149  11.0 89.3  0.369 0.700  3.6 10.7 
PBE-D3  0.364 0.851  6.6 72.5  0.390 0.851  10.2 72.5  0.341 0.703  3.4 10.6 
PBEh-3c  0.333 0.712  5.5 51.0  0.336 0.712  8.4 51.0  0.330 0.689  2.9 12.4 

TPSS  0.385 1.139  6.6 85.7  0.391 0.871  10.4 85.7  0.381 1.139  3.4 11.1 
TPSS-D3  0.363 0.946  6.5 102.8  0.386 0.946  10.4 102.8  0.345 0.676  3.2 9.6 

TPSSh  0.387 1.083  6.4 118.7  0.408 1.083  10.5 118.7  0.368 0.791  2.8 10.2 
ωB97X  0.321 1.000  5.4 109.9  0.306 1.000  7.9 109.9  0.334 0.759  3.2 11.6 

ωB97X-D  0.328 0.938  5.3 92.8  0.315 0.938  7.8 92.8  0.339 0.757  3.1 10.3 
ωB97X-D3  0.329 0.773  5.1 45.7  0.314 0.700  7.9 45.7  0.343 0.773  2.7 10.4 
ωB97X-V  0.321 0.754  4.7 46.5  0.311 0.688  7.1 46.5  0.330 0.754  2.7 11.7 
Averaged  0.359   6.2   0.364   9.5   0.353   3.3  

aEvaluated over all 41 complexes in our test set (highlighted in black in Figure 5.1). bEvaluated over the 19 complexes in our test set with greater multi-
reference character (NFOD > 0.7, Figure D.6). cEvaluated over the 22 complexes in our test set with small multi-reference character (NFOD < 0.7, Figure 
D.7). dAverage ARMSD or MPE calculated across all functionals. 
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Table D.5. All-heavy-atom RMSDs (Å) and ARMSDs (Å) from all-electron gas-phase DFT optimizations relative to the crystal structure for 
our entire 53-complex test set.a  

  Functional  

Metal Structure ID B3LYP B3LYP-
D3 B97D3 BLYP BLYP-

D3 BP86 BP86-
D3 MN15 MN15-

L PBE PBE-
D3 TPSS TPSS-

D3 ωB97X ωB97X-
D ARMSDb 

Cr XOSLUO 0.122 0.111 0.113 0.120 0.116 0.114 0.114 0.113 0.114 0.113 0.113 0.113 0.112 0.110 0.110 0.114 

Mn 

4DWY 0.441 0.553 0.508 0.438 0.505 0.471 0.498 0.542 0.764 0.468 0.579 0.479 0.489 0.536 0.532 0.520 
4HIG 0.253 0.245 0.227 0.237 0.229 0.230 0.226 0.250 0.243 0.230 0.227 0.234 0.229 0.232 0.232 0.235 
2OEU 0.877 0.633 0.557 0.950 0.558 0.666 0.675 0.561 0.532 1.000 0.489 0.696 0.541 0.578 0.790 0.674 

3PDR-MN5 1.010 0.992 0.959 1.014 0.982 1.004 0.996 0.916 0.890 1.019 1.004 1.016 0.993 0.990 0.985 0.985 
3PDR-MN176 1.951 1.663 1.325 1.410 1.356 1.419 1.366 1.689 1.077 1.326 1.354 1.767 1.359 1.662 1.672 1.493 

Fe 

WAWPUF 0.173 0.178 0.234 0.207 0.219 0.245 0.238 0.202 0.247 0.249 0.223 0.228 0.247 0.171 0.176 0.216 
HOPJAY 0.201 0.179 0.185 0.172 0.181 0.197 0.197 0.192 0.183 0.200 0.196 0.190 0.191 0.205 0.204 0.192 
MORHEJ 0.249 0.290 0.324 0.268 0.313 0.293 0.340 0.320 0.374 0.296 0.321 0.287 0.323 0.256 0.281 0.302 
FOJPOM 0.103 0.084 0.080 0.089 0.077 0.075 0.085 0.075 0.049 0.068 0.072 0.072 0.075 0.107 0.103 0.081 

Co 

QAFLOZ 0.166 0.143 0.282 0.184 0.266 0.222 0.466 0.122 0.324 0.719 0.745 0.304 0.736 0.167 0.139 0.332 
1FD5 0.269 0.272 0.274 0.261 0.339 0.734 0.313 0.318 0.265 0.357 0.323 0.334 0.358 0.271 0.274 0.331 

AZINAA 0.380 0.355 0.368 0.423 0.396 0.432 0.410 0.237 0.228 0.430 0.417 0.412 0.260 0.211 0.247 0.347 
5FHJ 0.463 0.458 0.436 0.367 0.395 0.386 0.413 0.407 0.386 0.386 0.402 0.380 0.394 0.458 0.454 0.412 

Ni 

ZITWOO 0.220 0.222 0.234 0.242 0.240 0.244 0.246 0.201 0.196 0.242 0.244 0.236 0.238 0.212 0.211 0.229 
JEXYOD 0.197 0.190 0.193 0.206 0.199 0.199 0.199 0.188 0.284 0.197 0.192 0.197 0.192 0.192 0.187 0.201 
MELTON 0.442 0.445 0.443 0.444 0.445 0.445 0.449 0.447 0.445 0.446 0.448 0.444 0.445 0.444 0.443 0.445 
JENGEO 0.096 0.092 0.160 0.132 0.146 0.126 0.137 0.091 0.429 0.107 0.109 0.130 0.154 0.093 0.092 0.140 

Cu 

1D39 0.896 0.285 0.691 0.681 0.678 0.685 0.657 0.309 0.301 0.675 0.668 0.684 0.666 0.306 0.310 0.566 
AMPCUS 1.038 0.982 0.796 0.849 0.849 0.846 0.848 0.413 0.356 1.107 0.851 0.871 0.946 1.000 0.938 0.846 
JUNGIK 0.409 0.339 0.707 1.138 0.687 1.113 0.661 0.199 0.280 1.149 0.664 0.704 0.623 0.338 0.332 0.623 

AMADCS 0.289 0.338 0.313 0.318 0.326 0.324 0.347 0.313 0.212 0.328 0.336 0.325 0.343 0.336 0.311 0.317 
FUDQUR 0.156 0.154 0.170 0.181 0.143 0.142 0.130 0.147 0.175 0.163 0.161 0.159 0.159 0.151 0.149 0.156 
MOHJEZ 0.893 0.750 0.753 0.943 0.759 0.890 0.756 0.702 0.704 0.872 0.753 0.895 1.068 0.870 1.041 0.843 

Zn 

FAJZAT 0.211 0.166 1.092 0.237 0.170 0.212 0.147 0.172 0.486 0.213 0.176 0.206 0.152 0.204 0.147 0.266 
AWUBAW 0.586 0.604 0.469 0.579 0.603 0.577 0.598 0.389 0.377 0.594 0.605 0.596 0.610 0.444 0.600 0.549 

5JVW 0.388 0.379 0.400 0.413 0.404 0.410 0.402 0.352 0.309 0.412 0.406 0.413 0.402 0.367 0.354 0.387 
1NLC 0.946 0.885 0.741 0.922 0.769 0.951 0.904 0.736 0.782 0.941 0.908 0.948 0.882 1.129 1.167 0.907 

Pd 
FODDIN 0.414 0.096 0.123 0.416 0.111 0.410 0.157 0.092 0.118 0.409 0.162 0.411 0.165 0.104 0.101 0.219 
PUBPOR 0.435 0.325 0.356 0.434 0.366 0.394 0.468 0.292 0.512 0.420 0.256 0.383 0.287 0.295 0.270 0.366 

Ag 5IX7 0.612 0.613 0.613 0.618 0.618 0.618 0.619 0.613 0.612 0.617 0.617 0.618 0.620 0.610 0.610 0.615 
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COLDAL 0.311 0.286 0.295 0.315 0.294 0.292 0.296 0.287 0.295 0.288 0.289 0.295 0.287 0.287 0.300 0.294 
BUDDUA 0.484 0.490 0.502 0.475 0.479 0.466 0.470 0.461 0.504 0.465 0.466 0.494 0.506 0.484 0.507 0.484 

6LBW 0.342 0.362 0.356 0.336 0.355 0.348 0.368 0.355 0.489 0.347 0.359 0.355 0.373 0.356 0.359 0.364 
 5AY2 1.729 1.731 1.728 1.730 1.738 1.729 1.734 1.725 1.717 1.730 1.732 1.727 1.733 1.729 1.729 1.729 

Cd 
 
 

BORFOE 0.625 0.631 0.633 0.657 0.686 0.653 0.661 0.662 0.331 0.700 0.703 0.671 0.676 0.624 0.612 0.635 
FAJYIA 0.390 0.417 0.415 0.401 0.425 0.394 0.434 0.426 0.739 0.397 0.413 0.389 0.415 0.406 0.420 0.432 
WIPRUL 0.154 0.149 0.153 0.166 0.151 0.155 0.149 0.152 0.173 0.148 0.145 0.148 0.143 0.150 0.156 0.153 

6CB3 0.878 1.014 0.893 0.890 0.814 0.885 0.870 0.902 1.165 0.891 0.820 1.708 0.888 0.844 0.859 0.955 

Pt 

4I1G 0.385 0.386 0.374 0.368 0.370 0.387 0.389 0.394 0.392 0.378 0.379 0.383 0.384 0.127 0.126 0.348 
DEGJUU 0.206 0.211 0.214 0.217 0.221 0.215 0.215 0.197 0.183 0.215 0.216 0.209 0.211 0.203 0.205 0.209 
SUTTAC 0.692 0.780 0.815 0.697 0.806 0.686 0.801 0.777 0.218 0.691 0.603 1.139 0.608 0.759 0.757 0.722 
GIKTIE 0.332 0.352 0.344 0.341 0.361 0.329 0.348 0.369 0.397 0.335 0.347 0.330 0.344 0.343 0.348 0.348 

1IHH 2.522 2.060 2.520 2.089 2.533 2.532 2.525 2.493 0.888 2.525 2.521 2.074 2.518 2.060 2.504 2.291 

Au 
ZOBTAO 0.360 0.371 0.369 0.364 0.375 0.361 0.376 0.415 0.412 0.361 0.370 0.368 0.379 0.368 0.362 0.374 
DOMQAZ 0.566 0.296 0.695 0.555 0.711 0.563 0.261 0.270 0.457 0.595 0.249 0.567 0.249 0.256 0.271 0.437 
AHOFEK 0.054 0.048 0.059 0.079 0.071 0.057 0.052 0.032 0.052 0.054 0.051 0.053 0.050 0.037 0.040 0.053 

Hg 
GOFYIJ 1.646 1.755 1.744 1.707 1.774 1.678 1.787 1.706 1.809 1.643 1.727 2.043 1.720 1.725 1.721 1.746 
4R6M 0.991 0.991 0.993 0.996 0.996 0.997 0.997 0.991 0.991 0.996 0.996 0.995 0.995 0.992 0.993 0.994 

Pb 
MEHSEY 0.326 0.390 0.348 0.351 0.331 0.393 0.340 0.341 0.413 0.455 0.329 0.291 0.329 0.358 0.381 0.358 
TPMTPB 2.839 2.833 2.933 2.860 2.935 3.102 2.933 2.859 2.614 2.839 2.840 2.826 2.831 2.839 2.828 2.861 

6A85 0.710 0.686 0.659 0.676 1.213 0.769 0.620 1.019 1.276 0.632 0.575 0.873 0.820 0.682 1.132 0.823 
ARMSDb  0.604 0.563 0.599 0.599 0.598 0.617 0.590 0.547 0.534 0.624 0.580 0.628 0.591 0.552 0.578 0.588 

aSee Figure 5.1 for models of all complexes included in our test set. 5WSQ was excluded due to a significant change in the metal coordination site across all functionals. bAverage RMSD 
calculated               across all functionals for a given complex or across all complexes for a given functional.
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Table D.6. Comparison of all-heavy-atom ARMSDs (Å) and Max RMSDs (Å) for all-electron gas-phase and implicit water 
DFT optimizations of 4 complexes.a  

 Gas Phase Implicit Water 
Functional ARMSD Max RMSD ARMSD Max RMSD 

B3LYP 1.123 1.729 0.536 0.837 
B3LYP-D3 1.121 1.731 0.583 1.008 

B97D3 1.092 1.728 0.592 1.091 
BLYP 1.140 1.730 0.577 0.962 

BLYP-D3 1.077 1.738 0.573 1.087 
BP86 1.125 1.729 0.456 0.658 

BP86-D3 1.089 1.734 0.574 0.888 
MN15 1.080 1.725 0.398 0.634 

MN15-L 1.144 1.717 0.560 1.132 
PBE 1.122 1.730 0.485 0.831 

PBE-D3 1.075 1.732 0.566 1.135 
TPSS 1.331 1.727 0.594 1.210 

TPSS-D3 1.171 1.733 0.519 0.828 
ωB97X 1.109 1.729 0.481 0.833 

ωB97X-D 1.155 1.729 0.472 0.840 
Averageb 1.130  0.531  

 aThe crystallographic structures included in this subset are 
5AY2, MOHJEZ, 4R6M, and 6CB3. See Figure 5.1 for 
models of all complexes included in our test set. bAverage 
ARMSD calculated across all functionals. 
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Table D.7. Comparison of all-heavy-atom RMSDs (Å) and ARMSDs (Å) for all-electron gas-phase and implicit water DFT 
optimizations of 4 complexes.a 

 Gas-Phase Implicit Water 
Functional 5AY2 MOHJEZ 4R6M 6CB3 5AY2 MOHJEZ 4R6M 6CB3 

B3LYP 1.729 0.893 0.991 0.878 0.061 0.837 0.409 0.837 
B3LYP-D3 1.731 0.750 0.991 1.014 0.076 1.008 0.410 0.837 

B97D3 1.728 0.753 0.993 0.893 0.088 1.091 0.413 0.775 
BLYP 1.730 0.943 0.996 0.890 0.079 0.852 0.415 0.962 

BLYP-D3 1.738 0.759 0.996 0.814 0.090 1.087 0.413 0.703 
BP86 1.729 0.890 0.997 0.885 0.110 0.625 0.430 0.658 

BP86-D3 1.734 0.756 0.997 0.870 0.231 0.888 0.429 0.747 
MN15 1.725 0.702 0.991 0.902 0.078 0.554 0.327 0.634 

MN15-L 1.717 0.704 0.991 1.165 0.064 0.636 0.410 1.132 
PBE 1.730 0.872 0.996 0.891 0.097 0.831 0.431 0.580 

PBE-D3 1.732 0.753 0.996 0.820 0.104 1.135 0.431 0.596 
TPSS 1.727 0.895 0.995 1.708 0.089 1.210 0.412 0.665 

TPSS-D3 1.733 1.068 0.995 0.888 0.096 0.828 0.432 0.722 
ωB97X 1.729 0.870 0.992 0.844 0.028 0.833 0.328 0.737 

ωB97X-D 1.729 1.041 0.993 0.859 0.024 0.840 0.409 0.617 
ARMSDb 1.729 0.843 0.994 0.955 0.088 0.884 0.407 0.747 

aThe crystallographic structures included in this subset are 5AY2, MOHJEZ, 
4R6M, and 6CB3. See Figure 5.1 for models of all complexes included in our 
test set. bAverage RMSD calculated across all functionals.  
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Table D.8. Comparison of all-heavy-atom ARMSDs (Å) and Max RMSDs (Å) for all-electron gas-phase and implicit water 
optimizations of 5 complexes.a  

 Gas Phase  Implicit Water  
 Unconstrained Constrainedb  Unconstrained Constrainedb  

Functional ARMSD Max 
RMSD ARMSD Max 

RMSD  ARMSD Max 
RMSD ARMSD Max 

RMSD  

B3LYP 1.243 1.951 0.712 1.365  0.783 1.206 0.677 1.304  
B3LYP-D3 1.013 1.663 0.723 1.325  0.770 1.201 0.517 1.122  

B97D3 0.910 1.325 0.691 1.322  0.683 1.337 0.523 1.130  
BLYP 1.131 1.631 0.736 1.396  0.817 1.255 0.619 0.849  

BLYP-D3 1.035 1.356 0.716 1.346  0.759 1.178 0.513 0.811  
BP86 1.151 1.614 0.792 1.379  0.758 1.180 0.547 0.854  

BP86-D3 0.944 1.366 0.746 1.328  0.795 1.360 0.417 0.695  
MN15 1.035 1.689 0.611 0.925  0.779 1.239 0.383 0.568  

MN15-L 0.963 1.276 0.582 0.900  0.888 1.079 0.410 0.573  
PBE 1.106 1.611 0.718 1.369  0.780 1.230 0.506 0.814  

PBE-D3 0.945 1.354 0.704 1.344  0.772 1.323 0.432 0.722  
TPSS 1.240 1.767 0.725 1.347  0.858 1.565 0.512 0.825  

TPSS-D3 0.981 1.359 0.786 1.321  0.814 1.386 0.436 0.702  
ωB97X 1.067 1.662 0.692 1.312  0.747 1.404 0.482 0.740  

ωB97X-D 1.158 1.672 0.686 1.287  0.725 1.422 0.425 0.702  
Averagec 1.061  0.708   0.782  0.493   

aThe crystallographic structures included in this subset are 3PDR-MN5, 3PDR-MN176, 1NLC, 6A85, and 1IHH. See Figure 5.1 
for models of all complexes included in our test set. bModel was truncated and constrained to crystallographic coordinates at C1′ 
of nucleobase ligands, and C5′ and C3′ of phosphate models. cAverage ARMSD calculated across all functionals. 
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Table D.9. Comparison of all-heavy-atom RMSDs (Å) and ARMSDs (Å) for all-electron gas-phase and implicit water DFT 
optimizations of 5 complexes.a 

  Gas Phase  Implicit Water  

  Unconstrained  Constrainedb  Unconstrained  Constrainedb 

Functional  3PDR-
MN176 

3PDR-
MN5 1NLC 6A85 1IHH  3PDR-

MN176 
3PDR-
MN5 1NLC 6A85 1IHH  3PDR-

MN176 
3PDR-
MN5 1NLC 6A85 1IHH  3PDR-

MN176 
3PDR-
MN5 1NLC 6A85 1IHH  

B3LYP  1.951 1.010 0.946 0.710 2.522  0.395 0.984 0.415 0.402 1.365  1.206 0.602 0.375 0.590 1.142  0.364 1.105 0.271 0.341 1.304  

B3LYP-D3  1.663 0.992 0.885 0.686 2.060  0.426 1.107 0.427 0.332 1.325  1.201 0.635 0.404 0.470 1.142  0.382 1.122 0.414 0.281 0.387  

B97D3  1.325 0.959 0.741 0.659 2.520  0.372 0.981 0.429 0.353 1.322  1.337 0.609 0.4056 0.268 0.793  0.378 1.130 0.432 0.281 0.394  
BLYP  1.410 1.014 0.922 0.676 2.089  0.399 0.987 0.429 0.472 1.396  1.255 0.611 0.4575 0.585 1.178  0.391 0.674 0.849 0.566 0.615  

BLYP-D3  1.356 0.982 0.769 1.213 2.533  0.411 0.993 0.443 0.388 1.346  1.156 0.634 0.4188 0.409 1.178  0.397 0.682 0.811 0.314 0.362  

BP86  1.419 1.004 0.951 0.769 2.532  0.390 1.138 0.470 0.583 1.379  1.180 0.619 0.4751 0.365 1.152  0.384 0.690 0.325 0.484 0.854  

BP86-D3  1.366 0.996 0.904 0.620 2.525  0.391 1.232 0.440 0.339 1.328  1.360 0.634 0.4687 0.360 1.152  0.409 0.695 0.352 0.254 0.376  

MN15  1.689 0.916 0.736 1.019 2.493  0.392 0.925 0.849 0.404 0.484  1.239 0.897 0.4068 0.631 0.719  0.343 0.568 0.391 0.261 0.353  

MN15-L  1.077 0.890 0.782 1.276 0.888  0.441 0.900 0.627 0.607 0.338  1.079 0.858 0.7789 1.007 0.718  0.312 0.573 0.375 0.452 0.338  
PBE  1.326 1.019 0.941 0.632 2.525  0.393 1.004 0.432 0.391 1.369  1.230 0.623 0.4524 0.572 1.021  0.388 0.684 0.291 0.353 0.814  

PBE-D3  1.354 1.004 0.908 0.575 2.521  0.393 0.998 0.440 0.346 1.344  1.323 0.636 0.4222 0.459 1.021  0.392 0.722 0.308 0.261 0.478  

TPSS  1.767 1.016 0.948 0.873 2.074  0.402 1.015 0.465 0.399 1.347  1.565 0.617 0.4619 0.525 1.123  0.395 0.675 0.339 0.330 0.825  

TPSS-D3  1.359 0.993 0.882 0.820 2.518  0.414 1.004 0.436 0.758 1.321  1.386 0.622 0.4423 0.497 1.123  0.385 0.702 0.425 0.259 0.409  

ωB97X  1.662 0.990 1.129 0.682 2.060  0.411 0.993 0.408 0.335 1.312  1.404 0.614 0.3526 0.502 0.860  0.369 0.691 0.301 0.311 0.740  

ωB97X-D  1.672 0.985 1.167 1.132 2.504  0.407 0.682 0.408 0.647 1.287  1.422 0.582 0.4244 0.403 0.793  0.365 0.702 0.391 0.282 0.384  
ARMSDb  1.493 0.985 0.907 0.823 2.291  0.402 0.996 0.475 0.450 1.218  1.290 0.653 0.450 0.510 1.008  0.377 0.761 0.418 0.335 0.576  

aThe crystallographic structures included in this subset are 3PDR-MN5, 3PDR-MN176, 1NLC, 6A85, and 1IHH. See Figure 5.1 for models of all complexes included in our test set. bModel was 
truncated and constrained to crystallographic coordinates at C1′ of nucleobase ligands, and C5′ and C3′ of phosphate models. bAverage RMSD calculated across all functionals. 
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Table D.10. Comparison of all-heavy-atom RMSDs (Å) and ARMSDs (Å) for each functional from all-electron gas-phase and 
implicit water optimizations of 2 complexes.a 

 Gas Phase  Implicit Water 
 Unconstrained Constrainedb  Unconstrained Constrainedb 

Functional GOFYIJ TPMTPBc GOFYIJ  GOFYIJ TPMTPBc GOFYIJ 
B3LYP 1.646 2.839 1.634  0.980 2.847 1.791 

B3LYP-D3 1.755 2.833 1.429  0.955 2.819 1.386 
B97D3 1.744 2.933 1.379  1.669 2.758 1.551 
BLYP 1.707 2.860 1.834  1.671 2.990 1.954 

BLYP-D3 1.774 2.935 1.368  1.512 2.814 1.525 
BP86 1.678 3.102 1.604  1.438 2.985 1.766 

BP86-D3 1.787 2.933 2.221  1.512 2.754 2.089 
MN15 1.706 2.859 1.374  1.857 2.688 1.554 

MN15-L 1.809 2.614 1.296  1.065 2.701 1.364 
PBE 1.643 2.839 1.630  1.232 2.832 1.836 

PBE-D3 1.727 2.840 1.349  0.867 2.800 1.518 
TPSS 2.043 2.826 1.618  0.846 3.019 1.965 

TPSS-D3 1.720 2.831 1.342  1.542 2.934 1.440 
ωB97X 1.725 2.839 1.394  1.258 2.749 1.436 

ωB97X-D 1.721 2.828 1.399  1.191 2.826 1.393 
ARMSDd 1.746 2.861 1.525  1.387 2.834 1.638 

aSee Figure 5.1 for models of all complexes included in our test set. bModel was truncated and constrained to crystallographic 
coordinates at C1′ of nucleobase ligands. cConstraints were not considered for this complex due to the lack of a suitable constraint 
point (see main text for details). dAverage RMSD calculated across all functionals. 
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Table D.11. All-heavy-atom RMSDs (Å) and ARMSDs (Å) from all-electron gas-phase DFT optimizations relative to the 
crystal structure for our 41 test set.a 

  Functional  

Metal Structure 
ID B3LYP B3LYP-

D3 B97D3 BLYP BLYP-
D3 BP86 BP86-

D3 MN15 MN15-
L PW6B95 PBE PBE-

D3 
PBEh-

3c TPSS TPSS-
D3 TPSSh ωB97X ωB97X-

D 
ωB97X-

D3 
ωB97X-

V ARMSDb 

Cr XOSLUO 0.122 0.111 0.113 0.120 0.116 0.114 0.114 0.113 0.114 0.109 0.113 0.113 0.151 0.113 0.112 0.111 0.110 0.110 0.126 0.128 0.117 

Mn 

4DWY 0.441 0.553 0.508 0.438 0.505 0.471 0.498 0.542 0.764 0.735 0.468 0.579 0.672 0.479 0.489 0.481 0.536 0.532 0.700 0.688 0.554 

4HIG 0.253 0.245 0.227 0.237 0.229 0.230 0.226 0.250 0.243 0.228 0.230 0.227 0.239 0.234 0.229 0.246 0.232 0.232 0.242 0.241 0.236 

2OEU 0.877 0.633 0.557 0.950 0.558 0.666 0.675 0.561 0.532 0.601 1.000 0.489 0.712 0.696 0.541 0.879 0.578 0.790 0.483 0.481 0.663 

Fe 

WAWPUF 0.173 0.178 0.234 0.207 0.219 0.245 0.238 0.202 0.247 0.180 0.249 0.223 0.157 0.228 0.247 0.201 0.171 0.176 0.167 0.169 0.206 

HOPJAY 0.201 0.179 0.185 0.172 0.181 0.197 0.197 0.192 0.183 0.200 0.200 0.196 0.182 0.190 0.191 0.186 0.205 0.204 0.191 0.188 0.191 

MORHEJ 0.249 0.290 0.324 0.268 0.313 0.293 0.340 0.320 0.374 0.271 0.296 0.321 0.246 0.287 0.323 0.276 0.256 0.281 0.276 0.301 0.295 

FOJPOM 0.103 0.084 0.080 0.089 0.077 0.075 0.085 0.075 0.049 0.103 0.068 0.072 0.111 0.072 0.075 0.078 0.107 0.103 0.106 0.110 0.086 

Co 

QAFLOZ 0.166 0.143 0.282 0.184 0.266 0.222 0.466 0.122 0.324 0.142 0.719 0.745 0.163 0.304 0.736 0.172 0.167 0.139 0.153 0.155 0.289 

1FD5 0.269 0.272 0.274 0.261 0.339 0.734 0.313 0.318 0.265 0.273 0.357 0.323 0.247 0.334 0.358 0.335 0.271 0.274 0.272 0.274 0.318 

AZINAA 0.380 0.355 0.368 0.423 0.396 0.432 0.410 0.237 0.228 0.241 0.430 0.417 0.229 0.412 0.260 0.391 0.211 0.247 0.226 0.226 0.326 

5FHJ 0.463 0.458 0.436 0.367 0.395 0.386 0.413 0.407 0.386 0.428 0.386 0.402 0.333 0.380 0.394 0.371 0.458 0.454 0.434 0.436 0.409 

Ni 

ZITWOO 0.220 0.222 0.234 0.242 0.240 0.244 0.246 0.201 0.196 0.211 0.242 0.244 0.205 0.236 0.238 0.226 0.212 0.211 0.218 0.217 0.225 

JEXYOD 0.197 0.190 0.193 0.206 0.199 0.199 0.199 0.188 0.284 0.189 0.197 0.192 0.194 0.197 0.192 0.194 0.192 0.187 0.178 0.178 0.197 

MELTON 0.442 0.445 0.443 0.444 0.445 0.445 0.449 0.447 0.445 0.446 0.446 0.448 0.451 0.444 0.445 0.444 0.444 0.443 0.448 0.447 0.446 

JENGEO 0.096 0.092 0.160 0.132 0.146 0.126 0.137 0.091 0.429 0.090 0.107 0.109 0.112 0.130 0.154 0.107 0.093 0.092 0.097 0.096 0.130 

Cu 

1D39 0.896 0.285 0.691 0.681 0.678 0.685 0.657 0.309 0.301 0.319 0.675 0.668 0.252 0.684 0.666 0.816 0.306 0.310 0.310 0.309 0.525 

AMPCUS 1.038 0.982 0.796 0.849 0.849 0.846 0.848 0.413 0.356 0.971 1.107 0.851 0.404 0.871 0.946 1.083 1.000 0.938 0.455 0.470 0.804 

JUNGIK 0.409 0.339 0.707 1.138 0.687 1.113 0.661 0.199 0.280 0.753 1.149 0.664 0.549 0.704 0.623 0.709 0.338 0.332 0.375 0.544 0.614 

AMADCS 0.289 0.338 0.313 0.318 0.326 0.324 0.347 0.313 0.212 0.353 0.328 0.336 0.658 0.325 0.343 0.310 0.336 0.311 0.329 0.337 0.337 

FUDQUR 0.156 0.154 0.170 0.181 0.143 0.142 0.130 0.147 0.175 0.140 0.163 0.161 0.089 0.159 0.159 0.151 0.151 0.149 0.097 0.098 0.146 

Zn 

FAJZAT 0.211 0.166 1.092 0.237 0.170 0.212 0.147 0.172 0.486 0.202 0.213 0.176 0.155 0.206 0.152 0.195 0.204 0.147 0.119 0.137 0.240 

AWUBAW 0.586 0.604 0.469 0.579 0.603 0.577 0.598 0.389 0.377 0.435 0.594 0.605 0.389 0.596 0.610 0.598 0.444 0.600 0.392 0.468 0.526 

5JVW 0.388 0.379 0.400 0.413 0.404 0.410 0.402 0.352 0.309 0.351 0.412 0.406 0.369 0.413 0.402 0.400 0.367 0.354 0.373 0.372 0.384 

Pd 
FODDIN 0.414 0.096 0.123 0.416 0.111 0.410 0.157 0.092 0.118 0.089 0.409 0.162 0.155 0.411 0.165 0.409 0.104 0.101 0.095 0.100 0.207 

PUBPOR 0.435 0.325 0.356 0.434 0.366 0.394 0.468 0.292 0.512 0.257 0.420 0.256 0.233 0.383 0.287 0.379 0.295 0.270 0.340 0.241 0.347 

Ag 

5IX7 0.612 0.613 0.613 0.618 0.618 0.618 0.619 0.613 0.612 0.620 0.617 0.617 0.539 0.618 0.620 0.616 0.610 0.610 0.532 0.519 0.603 

COLDAL 0.311 0.286 0.295 0.315 0.294 0.292 0.296 0.287 0.295 0.301 0.288 0.289 0.390 0.295 0.287 0.297 0.287 0.300 0.265 0.236 0.295 

BUDDUA 0.484 0.490 0.502 0.475 0.479 0.466 0.470 0.461 0.504 0.489 0.465 0.466 0.516 0.494 0.506 0.499 0.484 0.507 0.480 0.462 0.485 
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6LBW 0.342 0.362 0.356 0.336 0.355 0.348 0.368 0.355 0.489 0.355 0.347 0.359 0.421 0.355 0.373 0.356 0.356 0.359 0.457 0.421 0.374 

Cd 
 
 

BORFOE 0.625 0.631 0.633 0.657 0.686 0.653 0.661 0.662 0.331 0.634 0.700 0.703 0.550 0.671 0.676 0.638 0.624 0.612 0.632 0.588 0.628 

FAJYIA 0.390 0.417 0.415 0.401 0.425 0.394 0.434 0.426 0.739 0.389 0.397 0.413 0.390 0.389 0.415 0.386 0.406 0.420 0.371 0.395 0.421 

WIPRUL 0.154 0.149 0.153 0.166 0.151 0.155 0.149 0.152 0.173 0.138 0.148 0.145 0.159 0.148 0.143 0.148 0.150 0.156 0.176 0.178 0.155 

Pt 

4I1G 0.385 0.386 0.374 0.368 0.370 0.387 0.389 0.394 0.392 0.390 0.378 0.379 0.395 0.383 0.384 0.388 0.127 0.126 0.390 0.129 0.346 

DEGJUU 0.206 0.211 0.214 0.217 0.221 0.215 0.215 0.197 0.183 0.191 0.215 0.216 0.171 0.209 0.211 0.205 0.203 0.205 0.198 0.200 0.205 

SUTTAC 0.692 0.780 0.815 0.697 0.806 0.686 0.801 0.777 0.218 0.756 0.691 0.603 0.689 1.139 0.608 0.791 0.759 0.757 0.674 0.754 0.725 

GIKTIE 0.332 0.352 0.344 0.341 0.361 0.329 0.348 0.369 0.397 0.341 0.335 0.347 0.339 0.330 0.344 0.327 0.343 0.348 0.413 0.407 0.352 

Au 

ZOBTAO 0.360 0.371 0.369 0.364 0.375 0.361 0.376 0.415 0.412 0.367 0.361 0.370 0.305 0.368 0.379 0.369 0.368 0.362 0.275 0.270 0.360 

DOMQAZ 0.566 0.296 0.695 0.555 0.711 0.563 0.261 0.270 0.457 0.255 0.595 0.249 0.586 0.567 0.249 0.573 0.256 0.271 0.640 0.627 0.462 

AHOFEK 0.054 0.048 0.059 0.079 0.071 0.057 0.052 0.032 0.052 0.038 0.054 0.051 0.032 0.053 0.050 0.044 0.037 0.040 0.031 0.034 0.048 

Pb MEHSEY 0.326 0.390 0.348 0.351 0.331 0.393 0.340 0.341 0.413 0.595 0.455 0.329 0.500 0.291 0.329 0.473 0.358 0.381 0.773 0.540 0.413 

ARMSDb  0.373 0.339 0.388 0.388 0.371 0.393 0.371 0.310 0.338 0.346 0.415 0.364 0.333 0.385 0.364 0.387 0.321 0.328 0.329 0.321 0.358 
aSee Figure 5.1 for models of all complexes included in our test set.  bAverage RMSD calculated across all functionals for a given complex or across all complexes for a given functional. 

 

 

  



424 
 

Table D.12. Comparison of all-heavy-atom and inner-shell ARMSDs (Å) over 20 functionals relative to crystal structure 
references for each metal in the gas phase.a 

Metal All Heavy Atom Inner shell 
Cr3+ 0.116 0.049 
Mn2+ 0.484 0.336 
Fe2+ 0.194 0.138 
Co2+ 0.339 0.229 
Ni2+ 0.249 0.180 
Cu2+ 0.485 0.498 
Zn2+ 0.383 0.174 
Pd2+ 0.277 0.085 
Ag+ 0.458 0.121 
Cd2+ 0.401 0.148 
Pt2+ 0.407 0.203 

Au+/2+ 0.290 0.052 
Pb2+ 0.413 0.036 

aModels for the 41 complexes explored are highlighted in black in Figure 5.1. 
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Table D.13. All-heavy-atom ARMSDs (Å) for each functional–metal combination from all-electron DFT optimizations in the 
gas phase.a 

Functional Cr Mn Fe Co Ni Cu Zn Pd Ag Cd Pt Au Pb Averageb 

B3LYP 0.112 0.523 0.181 0.320 0.239 0.558 0.395 0.425 0.469 0.390 0.404 0.326 0.326 0.359 
B3LYP-D3 0.111 0.477 0.183 0.307 0.237 0.419 0.383 0.211 0.463 0.399 0.432 0.239 0.390 0.327 

B97D3 0.113 0.431 0.206 0.340 0.257 0.535 0.654 0.239 0.470 0.400 0.437 0.374 0.348 0.370 
BLYP 0.120 0.542 0.184 0.309 0.256 0.633 0.409 0.425 0.469 0.408 0.406 0.333 0.351 0.373 

BLYP-D3 0.116 0.431 0.197 0.349 0.257 0.536 0.393 0.238 0.464 0.421 0.439 0.386 0.331 0.351 
BP86 0.114 0.455 0.203 0.444 0.254 0.622 0.400 0.402 0.459 0.401 0.404 0.327 0.393 0.375 

BP86-D3 0.114 0.466 0.215 0.471 0.258 0.529 0.382 0.312 0.462 0.415 0.438 0.230 0.340 0.356 
MN15 0.113 0.451 0.197 0.271 0.232 0.276 0.304 0.192 0.454 0.413 0.434 0.239 0.341 0.301 

MN15-L 0.114 0.513 0.213 0.301 0.338 0.265 0.391 0.315 0.470 0.414 0.297 0.307 0.413 0.335 
PW6B95 0.109 0.521 0.189 0.271 0.234 0.507 0.329 0.174 0.441 0.387 0.420 0.220 0.595 0.338 

PBE 0.113 0.566 0.203 0.473 0.248 0.684 0.406 0.415 0.457 0.415 0.405 0.337 0.455 0.398 
PBE-D3 0.113 0.432 0.203 0.472 0.248 0.536 0.396 0.209 0.457 0.420 0.386 0.223 0.329 0.340 
PBEh-3c 0.151 0.541 0.174 0.243 0.240 0.390 0.304 0.194 0.467 0.366 0.399 0.307 0.500 0.329 

TPSS 0.113 0.470 0.194 0.357 0.252 0.548 0.405 0.397 0.469 0.403 0.515 0.329 0.291 0.365 
TPSS-D3 0.112 0.420 0.209 0.437 0.257 0.547 0.388 0.226 0.471 0.412 0.387 0.226 0.329 0.340 

TPSSh 0.111 0.535 0.185 0.317 0.243 0.614 0.398 0.394 0.442 0.390 0.428 0.329 0.473 0.374 
ωB97X 0.110 0.449 0.185 0.277 0.235 0.426 0.338 0.200 0.461 0.393 0.358 0.220 0.358 0.308 

ωB97X-D 0.110 0.516 0.191 0.278 0.233 0.408 0.367 0.185 0.472 0.396 0.359 0.224 0.381 0.317 
ωB97X-D3 0.126 0.475 0.185 0.271 0.235 0.313 0.294 0.218 0.433 0.393 0.419 0.315 0.773 0.342 
ωB97X-V 0.128 0.470 0.192 0.272 0.234 0.352 0.326 0.171 0.415 0.387 0.372 0.310 0.540 0.321 
Averageb 0.116 0.484 0.194 0.339 0.249 0.485 0.383 0.277 0.458 0.401 0.407 0.290 0.413 0.346 

aModels for the 41 complexes explored are highlighted in black in Figure 5.1.  bAverage ARMSD calculated across all metals for a given functional or 
across all functionals for a given metal. 
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Table D.14. Inner-shell ARMSDs (Å) from all-electron DFT optimizations for each functional–metal combination in the gas 
phase.a 

Functional Cr Mn Fe Co Ni Cu Zn Pd Ag Cd Pt Au Pb Averageb 

B3LYP 0.046 0.323 0.136 0.218 0.178 0.612 0.165 0.045 0.121 0.142 0.229 0.059 0.035 0.178 
B3LYP-D3 0.045 0.341 0.131 0.196 0.176 0.375 0.154 0.119 0.123 0.136 0.229 0.056 0.034 0.163 

B97D3 0.047 0.334 0.141 0.231 0.179 0.506 0.206 0.127 0.123 0.147 0.221 0.060 0.039 0.182 
BLYP 0.048 0.335 0.134 0.240 0.190 0.706 0.187 0.074 0.120 0.153 0.227 0.084 0.045 0.196 

BLYP-D3 0.046 0.339 0.137 0.239 0.185 0.597 0.171 0.132 0.123 0.155 0.226 0.070 0.043 0.189 
BP86 0.046 0.320 0.144 0.414 0.186 0.688 0.177 0.044 0.127 0.143 0.219 0.061 0.041 0.201 

BP86-D3 0.049 0.323 0.148 0.256 0.190 0.578 0.162 0.138 0.133 0.139 0.223 0.056 0.041 0.187 
MN15 0.052 0.340 0.141 0.194 0.168 0.223 0.158 0.095 0.132 0.133 0.226 0.036 0.032 0.148 

MN15-L 0.047 0.347 0.139 0.232 0.204 0.281 0.185 0.143 0.129 0.241 0.223 0.047 0.041 0.174 
PW6B95 0.045 0.346 0.140 0.190 0.177 0.476 0.189 0.066 0.105 0.144 0.227 0.048 0.028 0.168 

PBE 0.045 0.332 0.145 0.263 0.186 0.778 0.177 0.043 0.127 0.166 0.217 0.057 0.040 0.198 
PBE-D3 0.047 0.341 0.148 0.248 0.185 0.589 0.169 0.079 0.130 0.162 0.220 0.057 0.040 0.186 
PBEh-3c 0.066 0.355 0.120 0.191 0.168 0.293 0.175 0.066 0.114 0.151 0.225 0.029 0.027 0.152 

TPSS 0.046 0.331 0.142 0.239 0.182 0.587 0.169 0.038 0.126 0.148 0.230 0.058 0.039 0.180 
TPSS-D3 0.048 0.337 0.148 0.242 0.179 0.614 0.157 0.083 0.130 0.144 0.224 0.057 0.038 0.185 

TPSSh 0.046 0.321 0.138 0.222 0.175 0.740 0.161 0.029 0.108 0.136 0.229 0.050 0.035 0.184 
ωB97X 0.045 0.344 0.137 0.196 0.174 0.398 0.191 0.084 0.122 0.129 0.078 0.047 0.030 0.152 

ωB97X-D 0.045 0.323 0.135 0.187 0.169 0.362 0.145 0.104 0.122 0.128 0.075 0.047 0.030 0.144 
ωB97X-D3 0.057 0.346 0.123 0.186 0.178 0.260 0.181 0.103 0.102 0.132 0.223 0.031 0.032 0.150 
ωB97X-V 0.058 0.344 0.132 0.186 0.175 0.302 0.194 0.083 0.098 0.136 0.086 0.034 0.032 0.143 
Averageb 0.049 0.336 0.138 0.229 0.180 0.498 0.174 0.085 0.121 0.148 0.203 0.052 0.036 0.172 

aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage ARMSD calculated across all metals for a given 
functional or across all functionals for a given metal. 
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Table D.15. Comparison of all-heavy-atom ARMSDs (Å) and Max RMSDs (Å), and inner-shell ARMSDs (Å), Max RMSDs 
(Å), MPEs (%), and Max PEs (%) for each functional from all-electron gas-phase and implicit water DFT optimizations.a  

   Gas Phase   Implicit Water 
  All Heavy Atom  Inner Shell  All Heavy Atom  Inner Shell 

Functional  ARMSD Max 
RMSD  ARMSD Max 

RMSD MPE Max 
PE  ARMSD Max 

RMSD  ARMSD Max 
RMSD MPE Max 

PE 
B3LYP  0.373 1.038  0.213 1.234 6.6 103.8  0.343 0.733  0.176 0.682 5.1 39.8 

B3LYP-D3  0.339 0.982  0.185 0.918 6.0 106.0  0.328 0.816  0.177 0.681 4.9 38.2 
B97D3  0.388 1.092  0.210 0.955 6.5 75.2  0.360 0.902  0.185 0.647 5.6 38.7 
BLYP  0.388 1.138  0.235 1.449 7.5 94.2  0.373 1.078  0.219 1.268 6.3 76.8 

BLYP-D3  0.371 0.849  0.222 0.940 6.7 72.2  0.362 0.875  0.198 0.804 5.7 53.2 
BP86  0.393 1.113  0.244 1.414 7.0 89.3  0.373 1.199  0.226 1.267 6.1 75.2 

BP86-D3  0.378 0.848  0.220 0.918 6.5 71.7  0.400 0.918  0.213 0.963 5.7 70.1 
MN15  0.310 0.777  0.165 0.700 5.2 46.2  0.301 1.074  0.171 0.700 4.5 36.0 

MN15-L  0.338 0.764  0.192 0.684 6.1 45.2  0.339 1.049  0.199 0.684 5.6 54.2 
PW6B95  0.346 0.971  0.198 0.923 5.8 95.8  0.296 1.211  0.174 0.966 4.8 89.3 

PBE  0.415 1.149  0.243 1.447 7.0 89.3  0.377 1.206  0.225 1.248 6.0 73.5 
PBE-D3  0.364 0.851  0.221 0.927 6.6 72.5  0.383 1.312  0.218 0.972 5.8 83.0 
PBEh-3c  0.333 0.712  0.173 0.700 5.5 51.0  0.273 0.573  0.155 0.691 4.9 47.2 

TPSS  0.385 1.139  0.215 0.922 6.6 85.7  0.349 0.833  0.191 0.71 5.5 58.7 
TPSS-D3  0.363 0.946  0.220 0.932 6.5 102.8  0.369 0.838  0.192 0.671 5.3 32.6 

TPSSh  0.387 1.083  0.227 1.390 6.4 118.7  0.351 1.323  0.181 1.074 5.2 77.0 
ωB97X  0.321 1.000  0.175 0.942 5.4 109.9  0.334 1.063  0.172 0.899 5.4 56.3 

ωB97X-D  0.328 0.938  0.165 0.809 5.3 92.8  0.332 0.884  0.159 0.575 4.8 37.9 
ωB97X-D3  0.329 0.773  0.169 0.693 5.1 45.7  0.300 0.649  0.158 0.682 4.8 45.1 
ωB97X-V  0.322 0.754  0.161 0.605 4.7 46.5  0.286 0.637  0.158 0.684 4.8 48.1 
Averageb  0.359   0.203  6.2   0.273   0.187  5.3  

aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage ARMSD or MPE calculated across all 
functionals. 
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Table D.16. Inner-shell MPEs (%) and AMPEs (%) for each functional from all-electron DFT optimizations in the gas phase.a 

Functional Cr Mn Fe Co Ni Cu Zn Pd Ag Cd Pt Au Pb AMPEb 

B3LYP 0.6 15.0 5.1 7.6 3.4 12.9 7.8 2.6 2.0 3.1 8.7 2.9 5.6 6.0 
B3LYP-

D3 0.4 15.0 5.0 6.8 3.3 9.6 7.5 2.5 2.1 2.6 8.4 2.5 5.6 5.5 

B97D3 0.3 14.8 5.5 8.8 3.9 11.0 8.4 2.6 2.0 3.3 8.1 3.1 5.7 6.0 
BLYP 0.9 15.0 5.3 8.4 3.9 16.2 9.0 3.6 1.7 4.3 9.0 4.4 6.5 6.8 

BLYP-D3 0.4 14.9 5.2 8.6 3.8 12.3 8.3 3.1 2.0 3.3 8.5 3.7 5.1 6.1 
BP86 0.4 14.5 5.8 8.7 3.4 15.3 8.2 2.2 2.5 3.3 8.3 2.9 4.5 6.2 

BP86-D3 0.6 14.6 5.9 8.8 3.8 11.8 7.9 1.9 3.0 2.8 8.0 2.4 2.9 5.7 
MN15 1.0 15.0 5.5 6.2 2.7 6.2 6.4 1.3 2.9 2.4 8.1 1.0 3.0 4.7 

MN15-L 0.7 15.6 5.3 8.2 4.1 7.8 8.4 2.2 2.3 3.5 8.2 2.2 4.5 5.6 
PW6B95 0.5 13.6 5.0 6.6 3.0 11.8 5.0 1.7 2.2 2.7 8.3 1.8 3.6 5.1 

PBE 0.5 14.9 5.8 8.9 3.4 15.0 8.1 2.0 2.5 3.4 8.2 2.7 5.0 6.2 
PBE-D3 0.5 15.0 6.0 8.8 3.5 11.9 7.9 1.7 2.7 3.1 8.1 2.5 4.0 5.8 
PBEh-3c 0.7 15.0 4.6 6.6 4.4 8.1 5.8 1.0 2.4 2.6 8.2 1.0 3.9 4.9 

TPSS 0.5 14.8 5.6 8.4 3.2 13.1 7.7 2.0 2.4 3.0 8.5 2.7 4.3 5.9 
TPSS-D3 0.6 14.7 6.0 8.3 3.2 13.3 7.4 1.5 2.7 2.6 8.2 2.4 3.1 5.7 

TPSSh 0.5 13.8 5.2 8.0 3.0 15.0 5.1 1.7 2.3 2.3 8.4 2.3 4.3 5.5 
ωB97X 0.4 14.8 5.2 6.6 3.1 9.7 7.3 2.0 2.3 2.4 3.9 1.7 4.6 4.9 

ωB97X-D 0.4 15.1 5.1 6.4 3.1 9.2 7.3 1.7 2.2 2.3 3.7 1.8 4.4 4.8 
ωB97X-

D3 0.4 13.9 4.8 6.4 3.5 7.0 5.3 1.3 2.5 2.4 8.1 1.2 2.9 4.6 

ωB97X-V 0.5 13.7 4.9 6.3 3.1 7.6 5.1 1.4 2.4 2.3 3.6 1.3 3.3 4.3 
AMPEb 0.5 14.7 5.3 7.7 3.4 11.2 7.2 2.0 2.4 2.9 7.6 2.3 4.3 5.5 

aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage MPE calculated across all metals for a 
given functional or across all functionals for a given metal. 
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Table D.17. Inner-shell MPEs (%) and AMPEs (%) from all-electron DFT optimizations in the gas phase.a 

     MPE   AMPEb 

Metal Structure 
ID 

B3LYP B3LYP-
D3 

B97D3 BLYP BLYP-
D3 

BP86 BP86-
D3 

MN15 MN15-
L 

PW6B95 PBE PBE-
D3 

PBEh-
3c 

TPSS TPSS-
D3 

TPSSh ωB97X ωB97X-
D 

ωB97X-
D3 

ωB97X-
V 

 

Cr XOSLUO 0.6 0.4 0.3 0.9 0.4 0.4 0.6 1.0 0.7 0.4 0.4 0.5 0.7 0.5 0.6 0.5 0.4 0.4 0.4 0.5 0.5 

Mn 

4DWY 15.4 16.3 16.0 15.6 16.2 15.7 16.1 15.6 16.9 12.8 15.9 16.7 12.1 15.7 16.1 12.2 16.0 16.4 12.5 12.4 15.1 

4HIG 18.1 17.5 17.1 17.7 17.2 16.9 16.6 18.7 18.0 17.0 17.1 16.8 20.4 17.1 16.7 17.2 17.3 17.6 17.5 17.2 17.5 

2OEU 11.4 11.4 11.4 11.7 11.4 11.1 11.3 10.5 11.8 10.9 11.6 11.5 12.5 11.6 11.3 11.9 11.2 11.2 11.6 11.5 11.4 

Fe 

WAWPUF 6.1 6.0 7.4 6.9 7.0 8.3 7.6 7.6 7.2 5.6 8.4 8.5 4.2 8.1 8.5 6.3 6.0 6.2 4.7 5.3 7.3 

HOPJAY 5.7 6.0 6.5 6.1 6.3 6.7 6.6 6.4 6.6 6.0 6.7 6.6 5.8 6.5 6.5 6.3 5.8 5.9 6.1 6.1 6.3 

MORHEJ 5.7 6.5 7.7 6.3 7.2 7.7 8.4 7.4 6.9 6.2 7.8 8.2 6.0 7.7 8.2 7.2 5.6 6.0 6.0 6.1 6.9 

FOJPOM 2.9 1.6 0.3 1.8 0.4 0.3 1.0 0.6 0.4 2.1 0.3 0.8 2.3 0.2 0.6 0.8 3.2 2.3 2.3 2.3 1.3 

Co 

QAFLOZ 6.7 4.6 9.1 7.7 9.1 8.6 9.4 2.6 9.9 3.9 9.5 9.4 4.9 8.4 9.2 6.6 6.2 3.3 4.1 4.1 6.9 

1FD5 8.9 8.7 9.4 9.6 9.3 8.9 8.7 8.6 9.4 8.6 9.0 8.8 10.0 8.5 8.3 9.6 8.6 8.5 9.0 8.7 9.0 

AZINAA 7.3 6.0 7.7 8.1 7.4 8.5 7.9 6.6 4.8 6.4 8.3 7.9 4.0 7.9 6.7 7.6 4.2 6.3 4.6 4.8 6.7 

5FHJ 7.5 7.8 8.8 8.4 8.5 8.8 9.0 7.0 8.8 7.5 8.8 9.0 7.5 8.7 8.9 8.4 7.4 7.6 7.7 7.7 8.2 

Ni 

ZITWOO 4.9 4.9 5.7 5.8 5.5 5.3 5.4 4.2 6.2 4.8 5.4 5.4 5.9 4.9 5.2 4.9 4.6 4.7 5.4 4.9 5.2 

JEXYOD 2.9 2.4 3.7 3.2 3.5 2.7 3.9 2.3 3.5 2.3 2.8 2.7 3.6 2.6 2.6 2.5 2.5 2.5 2.5 2.5 2.9 

MELTON 3.9 4.6 5.1 4.7 5.1 4.5 5.4 3.5 5.0 3.8 4.6 5.2 4.7 4.1 4.3 3.8 4.0 4.1 4.9 3.9 4.5 

JENGEO 2.0 1.3 1.3 1.9 1.3 1.1 0.7 0.6 1.7 1.2 1.0 0.7 3.3 1.0 0.6 0.8 1.4 1.4 1.2 1.2 1.3 

Cu 

1D39 19.5 8.6 18.1 21.1 17.7 20.5 17.7 8.1 9.9 8.7 20.5 17.7 8.8 20.4 17.9 19.3 8.9 8.6 8.5 8.3 14.4 

AMPCUS 25.1 25.5 6.4 17.1 16.6 16.9 16.6 12.2 10.6 23.9 15.7 16.4 9.4 17.0 24.9 27.9 26.2 23.6 12.2 12.9 17.9 

JUNGIK 9.9 7.6 18.1 29.5 16.1 27.9 15.0 4.4 7.7 19.6 27.8 15.4 12.1 17.7 14.3 17.7 7.2 7.5 7.4 10.3 14.7 

AMADCS 6.2 3.4 8.1 7.9 7.3 6.9 6.8 3.4 6.5 3.3 6.8 6.8 6.7 6.5 6.4 6.1 3.4 3.5 3.6 3.4 5.7 

FUDQUR 3.8 3.0 4.3 5.3 3.9 4.1 3.1 2.8 4.1 3.7 4.1 3.4 3.7 3.9 3.2 4.1 3.0 2.8 3.2 3.2 3.6 

Zn 

FAJZAT 2.5 2.1 2.1 3.0 2.3 2.7 2.5 2.0 2.8 1.9 2.6 2.4 2.2 2.5 2.4 2.0 2.0 2.1 2.2 2.0 2.3 

AWUBAW 7.1 7.0 8.2 8.0 7.8 7.5 7.5 5.8 7.2 6.7 7.5 7.4 7.9 7.0 6.9 6.7 6.9 6.9 7.1 6.9 7.2 

5JVW 13.8 13.2 14.7 16.1 14.7 14.5 13.7 11.5 15.0 6.4 14.2 13.9 7.3 13.5 13.0 6.5 12.9 13.0 6.6 6.4 12.0 

Pd 
FODDIN 1.6 1.0 1.1 2.4 1.7 1.1 0.6 0.5 0.8 0.8 1.0 0.7 0.3 1.1 0.7 0.9 1.2 0.8 0.4 0.6 1.0 

PUBPOR 3.7 4.0 4.0 4.7 4.4 3.2 3.2 2.1 3.5 2.7 3.0 2.7 1.8 2.9 2.4 2.6 2.7 2.6 2.1 2.2 3.1 

Ag 

5IX7 2.7 3.1 3.0 2.5 3.0 3.9 4.3 4.3 3.5 3.2 3.8 4.1 3.7 3.7 4.0 3.6 3.0 3.0 3.7 3.5 3.5 

CODLAL 2.7 1.9 1.7 2.0 1.8 1.4 1.8 1.9 2.1 2.4 1.5 1.5 2.3 1.8 1.8 1.8 3.2 2.9 2.1 2.6 2.1 

BUDDUA 0.4 0.7 0.5 0.4 0.6 1.4 1.9 1.7 0.7 0.5 1.3 1.6 0.7 1.1 1.5 1.0 0.5 0.4 1.0 0.7 0.9 

6LBW 2.3 2.7 2.6 2.1 2.6 3.4 3.9 3.8 2.9 2.7 3.3 3.6 2.7 3.1 3.5 3.0 2.4 2.5 3.0 2.8 2.9 

Cd BORFOE 3.3 3.0 3.7 4.6 3.9 3.8 3.4 2.9 4.0 3.3 4.2 4.0 3.0 3.5 3.2 3.0 2.7 2.7 2.9 2.7 3.4 
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FAJYIA 2.7 1.6 2.3 3.9 2.3 2.7 1.5 1.1 2.3 1.7 2.6 1.9 1.6 2.4 1.6 1.2 1.6 1.3 1.4 1.6 2.0 

WIPRUL 3.2 3.2 3.7 4.4 3.6 3.3 3.3 3.1 4.1 3.1 3.3 3.3 3.1 3.0 3.0 2.8 2.9 3.0 3.0 2.8 3.3 

Pt 

4I1G 26.5 26.6 25.5 24.7 24.8 26.0 26.1 27.6 27.3 27.2 26.1 26.1 27.8 26.4 26.5 27.0 8.6 8.4 27.2 8.9 23.8 

DEGJUU 3.3 3.0 3.1 4.3 3.9 3.0 2.7 2.0 2.4 2.4 2.9 2.7 2.5 3.1 2.9 2.7 2.8 2.7 2.2 2.4 2.9 

SUTTAC 1.7 1.3 1.3 2.6 2.0 1.4 1.1 1.3 1.3 1.3 1.3 1.2 0.9 1.6 1.3 1.3 1.4 1.2 1.2 1.3 1.4 

GIKTIE 3.3 2.6 2.7 4.3 3.2 2.8 2.2 1.6 2.0 2.3 2.6 2.2 1.4 2.9 2.4 2.6 2.7 2.3 1.9 2.0 2.5 

Au 

ZOBTAO 2.6 2.2 2.1 3.2 2.6 1.9 1.6 0.9 1.8 1.8 1.8 1.6 1.2 1.9 1.6 1.8 2.3 2.2 1.4 1.7 1.9 

DOMQAZ 3.7 3.1 4.3 6.1 5.0 4.2 3.5 1.3 2.9 2.2 4.0 3.5 1.2 4.0 3.4 3.1 1.6 1.6 1.4 1.4 3.1 

AHOFEK 2.6 2.3 2.9 4.0 3.6 2.6 2.3 0.7 2.0 1.5 2.4 2.2 0.6 2.4 2.2 1.9 1.3 1.5 0.7 0.9 2.0 

Pb MEHSEY 5.6 5.6 5.7 6.5 5.1 4.5 2.9 3.0 4.5 3.6 5.0 4.0 3.9 4.3 3.1 4.3 4.6 4.4 2.9 3.3 4.3 

AMPEb  6.6 6.0 6.5 7.5 6.7 7.0 6.5 5.2 6.1 5.8 7.0 6.6 5.5 6.6 6.5 6.4 5.4 5.3 5.1 4.7 6.2 

         aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage MPE calculated across all functionals for a given complex or across all complexes for a given functional. 
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Table D.18. Max PEs (%) from all-electron DFT optimizations in the gas phase for the 41 test set, complexes that do not include Cu2+, and 
only Cu2+ complexes.a 

  Max PE 
Functional  41 test set w/o Cu2+ Cu2+ 

B3LYP  103.8 45.0 103.8 
B3LYP-D3  106.0 44.9 106.0 

B97D3  75.2 42.7 75.2 
BLYP  94.2 42.3 94.2 

BLYP-D3  72.2 42.3 72.2 
BP86  89.3 43.5 89.3 

BP86-D3  71.7 43.5 71.7 
MN15  37.5 46.2 27.2 

MN15-L  35.0 45.2 34.9 
PW6B95  95.8 45.6 95.8 

PBE  89.3 43.5 89.3 
PBE-D3  72.5 43.5 72.5 
PBEh-3c  51.0 46.2 51.0 

TPSS  85.7 44.3 85.7 
TPSS-D3  102.8 44.3 102.8 

TPSSh  118.7 45.2 118.7 
ωB97X  109.9 35.0 109.9 

ωB97X-D  92.8 35.0 92.8 
ωB97X-D3  34.6 45.7 28.3 
ωB97X-V  46.5 34.3 46.5 

                                                                                                                    aModels for the complexes explored are shown in Figure 5.1.  
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Table D.19. Inner-shell MPEs (%) and AMPEs (%) from all-electron DFT optimizations in implicit water.a 

     MPE   AMPEb 

Metal Structure 
ID B3LYP B3LYP-

D3 B97D3 BLYP BLYP-
D3 BP86 BP86-

D3 MN15 MN15-
L PW6B95 PBE PBE-

D3 
PBEh-

3c TPSS TPSS-
D3 TPSSh ωB97X ωB97X-

D 
ωB97X-

D3 
ωB97X-

V  

Cr XOSLUO 1.6 2.3 2.3 2.2 2.2 1.1 0.7 0.5 1.2 0.5 1.1 0.8 0.6 0.9 0.6 0.5 1.2 1.0 0.4 0.5 1.1 

Mn 

4DWY 16.2 16.4 16.5 16.4 16.6 16.5 16.7 16.3 16.5 16.7 16.6 16.7 15.9 16.5 16.7 16.4 16.1 16.2 16.7 16.6 16.5 

4HIG 17.4 17.0 16.6 17.2 11.7 16.8 16.6 18.2 17.1 16.4 16.7 16.5 19 16.7 16.6 17.5 16.7 17.0 16.8 16.5 16.8 

2OEU 11.8 11.6 11.4 11.8 11.6 11.3 11.3 11.8 11.5 11.1 11.4 11.8 12.4 11.7 11.5 12.2 11.3 11.4 11.5 11.4 11.6 

Fe 

WAWPUF 6.7 7.2 8.4 7.6 7.0 8.8 9.2 8.2 7.6 6.4 8.9 9.1 4.8 8.6 9.0 7.1 6.6 6.7 4.7 6.1 7.4 

HOPJAY 6.0 6.2 6.8 6.4 6.6 6.9 7.0 6.5 6.8 6.2 6.9 7.1 5.9 6.8 6.9 6.5 6.0 6.1 6.1 6.1 6.5 

MORHEJ 6.3 7.1 8.3 7.0 7.8 8.3 8.9 8.0 7.5 6.8 8.4 8.8 6.2 8.2 8.7 7.8 6.1 6.5 6.7 6.8 7.5 

FOJPOM 2.5 1.3 0.5 1.5 0.2 0.3 1.2 0.4 0.2 1.9 0.4 1.0 2.1 0.1 0.8 0.5 2.9 2.0 2.0 2.0 1.2 

Co 

QAFLOZ 4.5 3.0 6.6 3.8 5.9 8.5 5.7 4.6 8.8 4.4 8.0 7.0 3.8 8.1 7.9 3.2 4.1 4.0 1.9 2.5 5.3 

1FD5 8.6 8.4 9.2 9.5 9.2 8.8 8.6 7.8 9.1 8.5 8.8 8.7 9.5 8.3 8.2 8.4 8.3 8.5 8.7 8.5 8.7 

AZINAA 6.6 6.4 7.1 7.3 6.6 7.7 7.5 6.3 5.1 6.2 7.6 7.4 3.0 7.2 6.7 7.0 5.7 6.1 3.7 3.7 6.2 

5FHJ 7.8 8.2 9.0 8.6 8.7 9.0 9.2 6.6 8.8 8.3 9.0 9.2 6.6 8.9 9.1 8.5 8.0 7.9 8.3 8.2 8.4 

Ni 

ZITWOO 4.1 4.8 5.2 5.0 5.2 4.5 5.3 3.5 5.1 3.9 4.6 5.2 4.8 4.2 5.1 4.2 3.8 3.9 5.1 4.0 4.6 

JEXYOD 2.4 2.0 3.7 3.0 3.5 2.3 2.3 2.0 2.8 2.0 2.4 2.4 3.4 2.0 2.1 1.9 2.1 2.1 1.9 2.0 2.4 

MELTON 3.4 4.1 4.6 4.2 4.7 4.1 5.0 3.0 4.2 3.2 4.1 4.8 3.3 3.7 3.8 3.3 3.4 3.5 4.1 3.1 3.9 

JENGEO 1.2 0.7 0.8 1.7 0.9 0.6 0.2 0.6 0.6 0.7 0.5 0.3 2.3 0.5 0.3 0.6 0.8 0.8 0.8 0.8 0.8 

Cu 

1D39 8.6 8.4 10.8 20.3 10.7 20.3 18.9 7.8 10.5 8.0 19.6 10.6 8.4 10.5 9.2 8.7 8.2 8.3 10.6 10.8 11.5 

AMPCUS 5.3 7.6 6.7 4.0 5.2 4.1 5.5 8.6 8.6 20.6 4.8 5.3 7.3 5.2 6.8 6.1 6.3 9.4 8.4 8.0 7.2 

JUNGIK 9.1 8.4 9.7 10.6 9.2 9.2 8.3 3.4 4.5 5.7 9.3 8.8 10.3 8.9 7.8 8.6 8.5 8.4 8.9 10.6 8.4 

AMADCS 4.2 4.6 5.9 5.8 5.4 5.2 5.2 3.8 4.2 3.9 5.2 5.1 4.2 4.8 4.8 4.1 4.2 4.3 4.1 3.9 4.6 

FUDQUR 2.8 2.0 2.9 3.9 2.8 2.8 2.0 1.9 3.0 2.4 2.9 2.3 2.5 2.8 2.1 2.6 2.1 1.9 2.0 2.1 2.5 

Zn 

FAJZAT 1.8 1.6 1.9 2.7 2.0 1.9 2.0 1.5 2.5 1.2 1.9 1.8 1.6 1.7 1.8 1.3 1.4 1.4 1.6 1.3 1.7 

AWUBAW 5.5 5.5 6.2 6.2 6.3 5.8 6.0 4.4 5.7 5.1 5.9 18.2 5.2 5.4 7.9 5.3 4.8 5.1 4.8 4.3 6.2 

5JVW 12.4 11.4 13.6 14.9 13.1 12.8 12.1 9.4 15.2 5.6 12.8 12.3 6.5 12.0 11.5 5.8 11.0 11.1 5.6 5.4 10.7 

Pd 
FODDIN 1.7 1.0 0.9 2.4 1.5 1.1 0.4 0.4 0.7 0.8 0.9 0.6 0.3 1.1 0.5 0.9 1.2 0.8 0.2 0.3 0.9 

PUBPOR 3.0 3.7 3.7 3.9 4.0 2.5 3.4 1.7 3.4 2.0 2.3 2.0 0.8 2.3 1.8 2.1 2.2 2.4 1.2 1.3 2.5 

Ag 

5IX7 3.4 3.8 3.7 3.2 3.7 4.6 5.0 5.0 4.1 3.9 4.5 4.7 4.7 4.4 4.6 4.2 3.6 3.6 4.5 4.4 4.2 

COLDAL 2.3 1.2 1.6 1.7 1.3 0.9 1.0 1.3 2.5 2.0 0.9 0.8 1.8 1.3 1.1 1.5 2.6 2.4 1.2 2.6 1.6 

BUDDUA 1.3 0.7 0.7 1.1 0.5 0.5 1.1 0.5 0.8 1.2 0.5 0.7 0.4 0.5 0.5 0.5 1.3 1.3 0.4 0.5 0.8 

6LBW 2.3 2.7 2.6 2.1 2.6 3.4 3.9 3.8 2.9 0.8 3.3 3.6 1.7 3.1 3.5 1.7 2.4 2.5 2.1 1.8 2.6 

Cd 
BORFOE 5.4 4.2 6.4 15.1 19.4 23.8 13.1 3.7 13.9 4.6 22.3 13.9 2 14.6 8.1 24.6 11.9 3.8 1.9 1.7 10.7 

FAJYIA 4.8 2.9 3.7 6.1 3.6 4.2 2.8 2.5 4.9 2.8 4.3 3.1 1.1 3.8 2.9 3.6 3.1 2.7 1.0 1.1 3.3 
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WIPRUL 4.4 3.9 4.5 5.5 4.5 4.4 3.7 3.1 4.5 3.8 4.4 4.0 1.9 4.2 3.8 4 3.7 3.6 1.7 1.8 3.8 

Pt 

4I1G 6.5 7.0 9.8 9.3 10.3 10.6 10.9 8.3 9.9 7.2 10.8 11.0 28.1 9.6 10.3 9.2 26.8 7.5 27.4 27.4 12.9 

DEGJUU 2.8 2.4 2.4 3.6 3.2 2.4 2.1 1.5 1.9 2.0 2.2 2.0 1.7 2.5 2.2 2.2 2.4 2.2 1.4 1.6 2.2 

SUTTAC 1.4 1.3 1.1 2.3 1.7 1.1 1.0 1.3 1.1 1.3 1.2 1.1 0.8 1.3 1.1 1.1 1.3 1.1 1.3 1.3 1.3 

GIKTIE 2.4 1.7 1.6 3.3 2.5 1.8 1.0 0.9 1.0 1.5 1.6 1.2 0.5 1.9 1.3 1.6 2.0 1.5 0.7 1.0 1.6 

Au 

ZOBTAO 2.5 2.1 2.0 3.1 2.5 1.8 1.5 0.8 1.7 1.7 1.7 1.5 1.1 1.8 1.5 1.7 2.2 2.0 1.3 1.6 1.8 

DOMQAZ 2.6 2.3 3.2 4.6 3.8 3.0 2.6 1.2 2.0 1.5 2.9 2.6 1.0 2.9 2.5 2.2 1.3 1.3 1.1 1.2 2.3 

AHOFEK 2.5 2.3 3.0 4.0 3.6 2.6 2.4 0.7 2.0 1.4 2.5 2.3 0.5 2.5 2.3 2 1.3 1.5 0.7 0.8 2. 

Pb MEHSEY 3.4 3.1 3.5 4.2 3.7 2.8 4.3 2.2 3.7 2.3 2.9 2.7 1.9 2.5 1.8 2.4 2.7 2.7 1.1 1.6 2.8 

AMPEb  5.1 4.9 5.6 6.3 5.7 6.1 5.7 4.5 5.6 4.8 6.0 5.8 4.9 5.5 5.3 5.2 5.4 4.8 4.7 4.8 5.3 
aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage MPE calculated across all functionals for a given complex or across all complexes for a given functional. 
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Table D.20. Comparison of inner-shell MPEs (%), Max PEs (%), and ARMSDs (Å), and all-heavy-atom ARMSDs (Å), and Max RMSDs (Å) 
from all-electron DFT optimizations in the gas phase and implicit water over the first-row transition metal complexes.a 

  Gas Phase  Implicit Water 
  Inner Shell All Heavy Atom  Inner Shell All Heavy Atom 

Functional  MPE Max PE ARMSD Max RMSD ARMSD Max RMSD  MPE Max PE ARMSD Max RMSD ARMSD Max RMSD 
B3LYP  8.3 103.8 0.279 1.235 0.359 1.038  6.4 39.2 0.203 0.581 0.332 0.733 

B3LYP-D3  7.3 106.0 0.226 0.918 0.321 0.982  6.3 36.8 0.202 0.578 0.321 0.816 
B97D3  8.2 75.2 0.267 0.955 0.386 1.092  6.9 37.9 0.211 0.587 0.361 0.902 
BLYP  9.3 94.2 0.308 1.449 0.381 1.138  7.0 41.3 0.251 1.268 0.355 0.951 

BLYP-D3  8.4 72.2 0.284 0.940 0.353 0.849  6.8 34.5 0.216 0.572 0.343 0.749 
BP86  9.0 89.3 0.331 1.414 0.391 1.113  6.6 38.3 0.254 1.267 0.386 0.948 

BP86-D3  8.4 71.7 0.282 0.918 0.378 0.848  6.7 32.4 0.244 0.963 0.380 0.786 
MN15  6.4 37.5 0.195 0.382 0.273 0.561  5.7 33.6 0.194 0.387 0.292 1.074 

MN15-L  7.6 35.0 0.223 0.395 0.315 0.764  6.9 33.4 0.206 0.382 0.296 0.719 
PW6B95  7.3 95.8 0.252 0.923 0.332 0.971  6.5 89.3 0.232 0.966 0.308 1.211 

PBE  9.0 89.3 0.327 1.447 0.423 1.149  6.7 37.6 0.256 1.248 0.381 0.935 
PBE-D3  8.4 72.5 0.285 0.927 0.374 0.851  6.7 33.1 0.252 0.972 0.392 1.312 
PBEh-3c  6.9 51.0 0.210 0.622 0.303 0.712  6.2 47.2 0.192 0.588 0.260 0.573 

TPSS  8.4 85.7 0.280 0.922 0.362 0.871  6.5 37.4 0.215 0.583 0.353 0.722 
TPSS-D3  8.5 102.8 0.287 0.932 0.370 0.946  6.5 34.6 0.223 0.571 0.348 0.790 

TPSSh  8.2 118.7 0.305 1.390 0.373 1.083  6.2 39.1 0.204 0.577 0.321 0.773 
ωB97X  7.3 109.9 0.236 0.942 0.308 1.000  6.0 38.3 0.201 0.575 0.317 0.810 

ωB97X-D  7.2 92.8 0.218 0.809 0.317 0.938  6.1 37.5 0.202 0.575 0.331 0.884 
ωB97X-D3  6.3 34.6 0.204 0.406 0.282 0.700  6.1 39.4 0.191 0.585 0.273 0.603 
ωB97X-V  6.3 46.5 0.215 0.605 0.294 0.688  6.0 48.1 0.191 0.614 0.269 0.590 
Averageb  7.7  0.254  0.341   6.5  0.217  0.331  

           aModels for the complexes explored are shown in Figure 5.1. bAverage ARMSD or MPE calculated across all functionals. 
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Table D.21. Comparison of inner-shell MPEs (%), Max PEs (%), and ARMSDs (Å), and all-heavy-atom ARMSDs (Å), and Max RMSDs (Å) 
from ECP DFT optimizations in the gas phase and implicit water over the first-row transition metal complexes.a 

  Gas Phase  Implicit Water 
  Inner Shell All Heavy Atom  Inner Shell All Heavy Atom 

Functional  MPE Max PE ARMSD Max RMSD ARMSD Max RMSD  MPE Max PE ARMSD Max RMSD ARMSD Max RMSD 
B3LYP  7.4 104.9 0.231 0.924 0.320 0.944  6.4 39.2 0.198 0.585 0.323 0.810 

B3LYP-D3  7.3 106.7 0.226 0.921 0.314 0.992  6.3 36.8 0.199 0.573 0.310 0.821 
B97D3  8.6 103.8 0.285 0.958 0.384 1.104  6.9 37.9 0.205 0.585 0.355 0.868 
BLYP  8.1 87.7 0.255 0.958 0.345 0.794  7.0 41.3 0.209 0.577 0.325 0.735 

BLYP-D3  7.4 72.7 0.227 0.837 0.346 0.828  6.8 34.5 0.207 0.564 0.328 0.759 
BP86  7.9 86.5 0.252 0.901 0.338 0.811  6.6 38.3 0.206 0.570 0.348 0.734 

BP86-D3  7.9 81.4 0.251 0.893 0.364 0.831  6.7 32.4 0.208 0.556 0.351 0.791 
MN15  6.5 35.5 0.201 0.583 0.310 0.919  5.7 33.6 0.180 0.350 0.256 0.562 

MN15-L  7.4 35.6 0.212 0.419 0.312 0.787  6.9 33.4 0.204 0.378 0.304 0.742 
PW6B95  6.7 82.8 0.221 0.934 0.307 0.758  6.3 89.1 0.231 0.985 0.312 1.197 

PBE  7.8 85.0 0.253 0.881 0.359 0.809  6.7 37.6 0.210 0.577 0.348 0.735 
PBE-D3  7.5 74.6 0.231 0.890 0.354 0.813  6.7 33.1 0.212 0.559 0.362 0.853 
PBEh-3c  6.8 49.4 0.204 0.603 0.298 0.685  6.0 43.8 0.207 0.868 0.301 1.449 

TPSS  8.5 105.2 0.276 0.947 0.363 0.941  6.5 37.4 0.202 0.570 0.351 0.908 
TPSS-D3  8.3 101.5 0.283 0.951 0.384 1.111  6.5 34.6 0.208 0.576 0.319 0.786 

TPSSh  7.1 103.6 0.230 0.923 0.334 1.029  6.0 36.2 0.199 0.571 0.314 0.814 
ωB97X  6.3 35.6 0.196 0.395 0.273 0.542  6.0 38.3 0.192 0.576 0.334 1.131 

ωB97X-D  6.5 35.6 0.195 0.390 0.271 0.518  6.1 37.5 0.193 0.576 0.328 1.059 
ωB97X-D3  6.3 43.4 0.203 0.572 0.285 0.688  5.9 38.5 0.186 0.575 0.276 0.671 
ωB97X-V  6.1 41.7 0.197 0.532 0.283 0.678  5.8 38.6 0.185 0.570 0.272 0.666 
Averageb  7.3  0.231  0.327   6.4  0.202  0.321  

               aModels for the complexes explored shown in Figure 5.1. bAverage ARMSD or MPE calculated across all functionals. 
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Table D.22. Inner-shell MPEs (%) and AMPEs (%) from ECP DFT optimizations in the gas phase.a 

     MPE   AMPE
b 

Metal Structure 
ID 

B3LY
P 

B3LYP
-D3 

B97D
3 

BLYP BLYP
-D3 

BP8
6 

BP86
-D3 

MN1
5 

MN15
-L 

PW6B9
5 

PB
E 

PBE
-D3 

PBEh
-3c 

TPS
S 

TPSS
-D3 

TPSS
h 

ωB97
X 

ωB97X
-D 

ωB97X
-D3 

ωB97X
-V 

 

Cr XOSLUO 1.6 1.3 2.3 2.0 2.2 1.0 0.6 0.4 1.1 0.8 0.9 0.7 0.6 0.8 0.5 0.8 1.2 1.0 0.9 0.8 1.1 

Mn 

4DWY 15.3 16.0 15.9 15.6 16.3 15.8 16.2 14.9 17.0 15.5 16.0 16.3 15.4 15.5 16.0 15.2 15.7 16.2 15.7 15.6 15.8 

4HIG 18.6 18.1 17.4 18.4 18.0 18.1 17.5 17.2 18.1 17.6 18.2 17.9 20.4 18.6 18.3 18.8 17.8 17.9 17.8 17.6 18.1 

2OEU 11.7 11.7 11.4 11.9 11.6 12.2 12.0 11.3 11.8 11.3 12.3 11.8 12.4 12.1 12.5 11.9 11.7 11.9 11.7 11.1 11.8 

Fe 

WAWPUF 5.8 5.9 7.1 6.3 6.6 7.5 7.2 7.7 8.0 6.0 7.9 8.0 4.8 7.4 8.0 6.7 5.7 5.8 4.7 5.8 6.6 

HOPJAY 5.6 5.9 6.3 5.9 6.2 6.4 6.5 6.4 6.7 5.9 6.5 6.4 5.7 6.3 6.3 6.1 5.6 5.7 6.0 5.9 6.1 

MORHEJ 5.4 6.1 7.4 5.8 6.7 7.3 7.9 7.5 7.5 6.0 7.4 7.8 5.5 7.2 7.7 6.8 5.2 5.6 5.4 5.8 6.6 

FOJPOM 3.3 2.0 0.1 2.4 1.1 0.6 0.4 0.5 0.2 2.5 0.4 0.2 2.5 0.7 0.2 1.2 3.7 2.9 2.6 2.6 1.5 

Co 

QAFLOZ 4.0 5.5 8.1 6.5 7.8 7.0 8.2 2.9 9.3 4.1 7.8 7.8 4.2 6.6 7.7 5.6 3.7 5.3 4.3 4.1 6.0 

1FD5 8.9 8.7 9.4 9.6 9.3 8.9 8.7 8.6 9.4 8.4 9.0 8.8 9.6 8.5 8.3 8.4 8.6 8.5 8.7 8.5 8.8 

AZINAA 5.8 5.4 6.3 6.0 5.9 6.3 6.3 5.2 4.7 5.3 6.2 6.2 3.3 5.8 5.0 5.6 3.6 4.6 4.2 4.2 5.3 

5FHJ 7.0 7.3 8.2 7.7 7.9 8.0 8.1 7.5 8.4 7.1 8.1 8.2 6.8 7.8 7.9 7.2 7.0 7.2 7.3 7.2 7.6 

Ni 

ZITWOO 4.6 4.8 5.3 5.3 5.1 4.8 5.1 3.7 5.6 4.4 4.9 5.1 5.5 4.4 4.9 4.5 4.3 4.4 5.2 4.6 4.8 

JEXYOD 2.7 3.5 3.5 3.0 3.5 2.4 2.4 2.0 3.1 2.3 2.4 2.4 3.4 2.3 2.2 2.3 2.5 2.4 2.4 2.3 2.7 

MELTON 3.5 4.3 4.6 4.1 4.6 3.8 4.0 2.7 4.5 3.3 3.9 4.0 4.1 3.5 3.6 3.3 3.5 3.6 4.5 3.4 3.8 

JENGEO 1.8 1.2 1.0 1.9 1.1 0.8 0.3 0.4 1.1 1.1 0.8 0.4 2.5 0.7 0.3 1.0 1.4 1.3 1.1 1.1 1.1 

Cu 

1D39 8.4 8.3 18.1 20.9 9.4 20.6 20.0 8.6 9.8 8.1 20.4 10.4 8.5 20.6 18.6 8.2 9.3 9.4 8.5 8.4 12.7 

AMPCUS 25.0 25.3 24.2 6.5 7.2 6.8 7.6 8.5 10.6 10.5 6.5 6.8 8.8 24.9 24.4 24.9 9.2 9.1 9.4 8.9 13.3 

JUNGIK 9.5 6.9 16.9 19.3 15.0 17.6 19.4 8.7 6.8 19.5 16.4 19.6 11.8 19.5 17.7 7.5 6.5 6.8 10.1 9.4 13.2 

AMADCS 4.0 3.8 7.9 7.7 7.1 6.8 6.6 12.6 5.8 3.7 6.8 6.6 7.8 6.4 6.2 5.7 3.8 3.9 3.9 3.8 6.0 

FUDQUR 4.0 3.2 4.4 5.3 4.1 4.2 3.4 3.3 4.0 4.2 4.2 3.7 3.8 4.0 3.4 4.2 3.3 3.0 3.5 3.4 3.8 

Zn 

FAJZAT 2.2 2.1 1.8 2.6 2.1 2.4 2.4 2.1 2.8 1.9 2.3 2.2 2.2 2.3 2.2 1.9 1.9 1.9 2.2 0.1 2.1 

AWUBA
W 

6.7 6.5 7.2 7.0 6.9 6.5 6.5 4.1 6.9 5.9 6.6 6.5 7.0 6.0 6.6 5.8 6.0 6.2 6.4 6.1 6.4 

5JVW 12.8 12.0 13.4 14.8 13.4 13.0 12.4 8.8 13.7 5.7 12.9 12.5 6.7 12.1 11.5 5.8 11.7 11.9 6.0 5.8 10.8 

AMPE
b 

 7.4 7.3 8.7 8.2 7.5 7.9 7.9 6.5 7.4 6.7 7.9 7.5 6.8 8.5 8.3 7.1 6.4 6.5 6.4 6.1 7.3 

 aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage MPE calculated across all functionals for a given complex or across all complexes for a given functional. 
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Table D.23. Inner-shell MPEs (%) and AMPEs (%) from ECP DFT optimizations in implicit water.a 

     MPE   AMPE
b 

Metal Structure 
ID 

B3LY
P 

B3LYP
-D3 

B97D
3 

BLYP BLYP
-D3 

BP8
6 

BP86
-D3 

MN1
5 

MN15
-L 

PW6B9
5 

PB
E 

PBE
-D3 

PBEh
-3c 

TPS
S 

TPSS
-D3 

TPSS
h 

ωB97
X 

ωB97X
-D 

ωB97X
-D3 

ωB97X
-V 

 

Cr XOSLUO 1.6 2.3 2.3 2.2 2.2 1.1 0.7 0.5 1.2 0.8 1.1 0.8 0.5 0.9 0.6 0.8 1.2 1.0 0.9 0.8 1.2 

Mn 

4DWY 16.0 16.2 15.5 16.3 16.5 16.5 16.7 15.5 16.7 15.9 16.7 16.8 14.8 16.3 16.5 15.9 15.9 16.0 16.5 16.5 16.2 

4HIG 17.9 17.5 17.1 18.3 17.8 17.6 17.3 16.9 17.6 17.0 17.5 17.4 19.2 18.3 18.1 18.4 17.1 17.4 17.3 17.0 17.6 

2OEU 11.6 12.1 11.8 12.1 11.9 12.1 11.7 10.9 11.5 11.5 12.0 12.0 12.3 12.3 12.0 12.2 11.5 11.5 11.5 11.5 11.8 

Fe 

WAWPUF 6.4 5.8 8.0 7.0 6.6 8.1 8.6 8.2 7.6 6.0 8.4 8.6 4.8 8.2 8.5 6.7 6.2 6.8 4.7 5.8 7.1 

HOPJAY 5.8 6.0 6.5 6.1 6.3 6.6 6.6 6.4 6.9 6.0 6.6 6.8 5.8 6.5 6.5 6.3 5.7 5.8 5.9 5.9 6.3 

MORHEJ 6.0 6.6 8.0 6.4 7.2 6.4 8.4 8.0 8.1 6.5 8.0 8.3 6.2 7.8 8.2 7.4 5.7 6.1 6.4 6.4 7.1 

FOJPOM 3.0 1.8 0.3 2.1 0.9 0.4 0.6 0.3 0.4 2.2 0.2 0.4 2.2 0.5 0.4 1.0 3.5 2.7 2.4 2.4 1.4 

Co 

QAFLOZ 3.5 3.5 5.5 6.2 6.2 6.7 6.6 2.4 8.3 2.7 6.4 6.4 3.2 6.7 6.7 3.2 2.1 2.1 1.5 1.8 4.6 

1FD5 8.6 8.4 9.2 9.5 9.2 8.8 8.6 7.8 9.1 8.2 8.8 8.7 8.8 8.3 8.2 8.0 8.3 8.5 8.5 8.3 8.6 

AZINAA 5.3 5.3 5.8 5.4 5.5 5.8 5.9 5.5 4.6 5.0 5.7 5.7 2.7 5.4 5.5 5.1 3.4 3.8 3.4 3.5 4.9 

5FHJ 7.1 7.5 8.4 7.9 8.1 8.1 8.3 6.2 8.4 7.2 8.2 8.3 6.1 7.9 8.1 7.3 7.1 7.3 7.5 7.5 7.6 

Ni 

ZITWOO 3.9 4.5 5.1 4.7 4.9 4.2 5.1 3.1 4.7 3.7 4.2 5.0 4.6 3.9 4.9 3.8 3.6 3.7 4.9 3.9 4.3 

JEXYOD 2.3 1.9 3.6 2.7 3.5 2.1 2.0 1.4 2.4 2.0 2.1 2.0 2.4 1.9 1.9 1.9 2.1 2.0 2.0 2.0 2.2 

MELTON 3.0 3.8 4.2 3.7 4.2 3.5 3.6 2.3 3.7 2.8 3.6 3.7 3.0 3.1 3.2 2.9 3.0 3.1 3.1 2.8 3.3 

JENGEO 1.2 0.7 0.8 1.7 0.9 0.6 0.2 0.6 0.6 0.7 0.5 0.3 2.1 0.5 0.3 0.6 0.8 0.8 0.7 0.8 0.8 

Cu 

1D39 8.3 8.2 9.3 9.6 9.2 9.4 8.9 8.4 10.3 8.0 9.1 9.0 8.0 8.5 8.5 8.0 9.1 9.2 9.5 9.4 8.9 

AMPCUS 7.0 7.7 6.9 4.8 6.3 5.6 7.0 8.6 10.2 20.5 5.7 6.9 7.4 6.4 7.0 7.3 7.5 7.9 8.0 7.9 7.8 

JUNGIK 9.5 8.4 9.5 10.4 9.0 9.0 8.3 5.8 4.0 8.2 9.1 8.5 9.9 8.6 8.2 8.2 8.6 8.5 9.0 9.0 8.5 

AMADCS 4.3 4.4 5.9 5.9 5.2 5.2 5.1 4.3 4.3 4.2 4.8 4.9 4.4 4.3 4.6 4.2 4.4 4.6 4.2 4.1 4.7 

FUDQUR 3.1 2.3 3.1 4.1 3.0 3.1 2.3 2.5 2.9 2.4 3.1 2.6 2.7 3.0 2.4 2.9 2.4 2.2 2.4 2.4 2.7 

Zn 

FAJZAT 1.5 1.6 1.8 2.3 1.7 1.7 1.9 1.8 2.6 1.3 1.6 1.8 1.6 1.6 1.8 1.3 1.3 1.5 1.6 1.3 1.7 

AWUBA
W 

4.8 4.8 5.4 5.5 5.5 5.3 5.2 2.7 5.5 4.5 5.3 5.2 4.7 4.9 4.3 4.5 4.7 4.8 4.4 4.0 4.8 

5JVW 11.3 10.4 12.5 13.5 12.2 11.7 11.0 7.2 14.0 5.0 11.6 11.4 6.0 10.9 10.4 5.1 10.0 10.2 5.3 5.1 9.7 

AMPE
b 

 6.4 6.3 6.9 7.0 6.8 6.7 6.7 5.7 6.9 6.3 6.7 6.7 6.0 6.5 6.5 6.0 6.1 6.1 5.9 5.8 6.4 

  aModels for the 41 complexes explored are highlighted in black in Figure 5.1. bAverage MPE calculated across all functionals for a given complex or across all complexes for a given functional. 
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Figure D.1. Models of representative transition and post-transition metal–nucleic acid 
complexes in the 41-test set from the PDB and CSD investigated in the present work. 
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Figure D.2. Models of representative transition and post-transition metal–nucleic acid 
complexes in the 12 test set from the PDB and CSD that were analyzed separately due to 
the inability of all functionals to reproduce experimental geometries.  
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Figure D.3. A schematic of the general workflow for the generation of our test sets.  
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Figure D.4. Overlay of the Pb2+ complex (TPMTPB) from the reference crystal structure 
(green) and a gas-phase MN15 A) def2-SVP (orange) or B) def2-SVPD (cyan) 
optimization, which demonstrates that the crystal structure geometry cannot be reproduced 
regardless of basis set. 
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Figure D.5. FOD analysis (σ = 0.005 e Bohr–3, TPSS/def2-TZVP, Tel = 5000 K) of 19 
complexes in our test set that have the strongest static electron correlation effects (NFOD 
> 0.7). Areas highlighted in yellow represent static electron correlation. 
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Figure D.6. FOD analysis (σ = 0.005 e Bohr–3, TPSS/def2-TZVP, Tel = 5000 K) of 22 
complexes in our test set identified to have the weakest static electron correlation effects 
(NFOD < 0.7). Areas highlighted in yellow represent static electron correlation. 
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Figure D.7. FOD analysis (σ = 0.005 e Bohr–3, TPSS/def2-TZVP, Tel = 5000 K) of the 12 
complexes in our 53 test set that DFT cannot reproduce the crystallographic structures, 
which are also highlighted in blue in Figure 1. Areas highlighted in yellow represent static 
electron correlation. 
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Figure D.8. All-heavy-atom A) average RMSDs (Å) and B) maximum RMSDs (Å), and 
inner-shell C) mean percent errors (%) and D) maximum percent errors (%) relative to 
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crystal structure references for each functional from all-electron gas-phase optimizations 
over the 41 test set, the 19 subset of complexes with high multi-reference character (NFOD 
> 0.7), and the 22 subset of complexes with low multi-reference character (NFOD < 0.7).  

  

 
Figure D.9. Metal distribution across all nucleic acid complexes in the PDB (2076 
structures). ‘Other’ represents the combined total of V2+/3+/4+/5+, Cr2+/3+/4+, Au+/3+, Ag+/2, 
Pb2+, Cu+/2+, and Pt2+. 

 

 
Figure D.10. Metal distribution of A) 1349 pyrimidine complexes, with ‘Other’ 
representing the combined total of Cr2+/3+/4+ and V2+/3+/4+/5+, or B) 157 purine complexes, 
with ‘Other’ representing the combined total of Mn2+, Ag+/2+, Fe2+/3+, and Pt2+ in the CSD.  
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Figure D.11. Overlay of the Hg2+ complex (5WSQ) from the reference crystal structure 
(green) and a MN15 gas-phase optimization (orange), which demonstrates a change in 
coordination from N4 to N3 of C. 

 

 
Figure D.12. Overlay of the Hg2+ complex (4R6M) from the reference structure (green) 
and a B3LYP gas-phase optimization (orange) or optimization in implicit water (cyan), 
which demonstrates implicit solvent is required to describe the ligand co-planarity. The 
dihedral angle corresponds to ∠(C2N3N3C2). 

 

 
Figure D.13. Overlay of the Cd2+ complex (6CB3) from the reference crystal structure 
(green) and a MN15 A) gas-phase optimization (orange) or B) optimization in implicit 
water (cyan), which demonstrates implicit solvent is required to maintain the relative ligand 
orientation about the metal center.  
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Figure D.14. Overlay of the Cu2+ complex (MOHJEZ) from the reference crystal structure 
(green) and a MN15 A) gas-phase optimization (orange) or B) optimization in implicit 
water (cyan), which demonstrates implicit solvent is required to maintain the relative ligand 
orientation about the metal center and inner shell coordination.  

 

 
Figure D.15. Overlay of the Mn2+ complex (3PDR-MN176) from the reference crystal 
structure (green) and a B3LYP A) gas-phase optimization (orange), B) constrained gas-
phase optimization (cyan) or C) constrained optimization in implicit water (blue), which 
demonstrates that constraints are required to maintain the relative ligand orientation about 
the metal center regardless of environment.  

 

 
Figure D.16. Overlay of the Zn2+ complex (1NLC) from the reference crystal structure 
(green) and a B3LYP A) gas-phase optimization (orange), B) constrained gas-phase 
optimization (cyan) or C) constrained optimization in implicit water (blue), which 
demonstrates that constraints are required to maintain the relative ligand orientation about 
the metal center regardless of environment. 
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Figure D.17. Overlay of the Mn2+ complex (3PDR-MN5) from the reference crystal 
structure (green) and a MN15-L A) gas-phase optimization (orange) or B) constrained 
optimization in implicit water (cyan), which demonstrates that combining an implicit water 
environment with constraints is required to maintain the relative ligand orientation about 
the metal center. 

 

 
Figure D.18. Overlay of the Pt2+ complex (1IHH) from the reference crystal structure 
(green) and a BLYP constrained optimization in A) the gas phase (orange) or B) implicit 
water (cyan), which demonstrates that combining an implicit water environment with 
constraints is required to maintain the relative ligand orientation about the metal center. 

 

 
Figure D.19. Overlay of the Hg2+ complex (GOFYIJ) from the reference crystal structure 
(green) and a MN15 A) gas-phase optimization (orange), B) implicit water optimization 
(cyan) or C) constrained optimization in implicit water (blue), which demonstrates that the 
crystal structure geometry cannot be reproduced by DFT methods regardless of 
environment or constraints. 
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Figure D.20. Overlay of the Pb2+ complex (TPMTPB) from the reference crystal structure 
(green) and a MN15 A) gas-phase (orange) or B) implicit water (cyan) optimization, which 
demonstrates that the crystal structure geometry cannot be reproduced by DFT methods 
regardless of environment. 

 

 
Figure D.21.  All-heavy-atom RMSDs (Å) from all-electron gas-phase DFT optimizations 
with 20 functionals relative to crystal structure references for 41-representative metal–
nucleic acid complexes considered in the present work.  
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Figure D.22. Overlay of the Cu2+ complex (AMPCUS) from the reference crystal structure 
(green) and a A) B3LYP (orange) or B) MN15 (cyan) gas-phase optimization, which 
highlights the ability of MN15 to maintain the coordination geometry of Cu2+ complexes. 

 

 
Figure D.23. Overlay of the Mn2+ complex (2OEU) from the reference crystal structure 
(green) and a A) B3LYP (orange) or B) MN15 (cyan) gas-phase optimization, which 
highlights the relative shift of the phosphate and nucleobase ligands.  

 

 
Figure D.24. Overlay of the Ag+ complex (5IX7) from the reference crystal structure 
(green) and a BP86 gas-phase optimization (orange), which highlights a change in ligand 
co-planarity. The dihedral angle corresponds ∠(C2N3N3C2).  
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Figure D.25. Inner-shell ARMSDs (Å) across 20 functionals and all complexes relative to 
crystal structure references for each metal from all-electron gas-phase optimizations. 
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Figure D.26. All-heavy-atom ARMSDs (Å) across all complexes relative to crystal 
structure references for A) first-row, B) second-row, or C) third-row metals and each 
functional from all-electron gas-phase optimizations. 
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Figure D.27. Overlay of the A) MN15 gas-phase optimized Pt2+ complex (SUTTAC, 
orange) or B) MN15-L gas-phase optimized Mn2+ complex (4DWY, orange) and the 
reference crystal structure (green), which highlights minimal changes in relative ligand 
orientations for these functional–complex combinations. 

 

 
Figure D.28. Overlay of the Pt2+ complex (SUTTAC) from the reference crystal structure 
(green) and a TPSS gas-phase optimization (orange), which highlights the change in ligand 
co-planarity.  
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Figure D.29. Overlay of the Zn2+ complex (FAJZAT) from the reference crystal structure 
(green) and a B97D3 gas-phase optimization (orange), which highlights the change in 
ligand co-planarity.  
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Figure D.30. Inner-shell Max PEs (%) evaluated for A) all complexes that do not include 
Cu2+ (36 systems) or B) only Cu2+ complexes from all-electron gas-phase optimizations. 
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Figure D.31. Crystal structure reference (left) and a MN15 optimized structure (right) of 
the Pt2+–complex (4I1G), which is a representative example of most functionals incorrectly 
describing the coordination geometry (with the exception of ωB97X and ωB97X-D). 

 

 
Figure D.32. Overlay of the Cu2+ complex (JUNGIK) from the reference crystal structure 
(green) and a A) ωB97X-V (orange) or B) PBEh-3c (cyan) gas-phase optimization, which 
highlights the reorientation of water ligands about the metal centers. 
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Figure D.33. All-heavy-atom A) ARMSDs (Å) and B) Max RMSDs (Å), and inner-shell 
C) MPEs (%) and D) Max PEs (%) across all complexes relative to crystal structure 
references for each functional from all-electron gas-phase and implicit water optimizations. 
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Figure D.34. All-heavy-atom A) ARMSDs (Å) and B) Max RMSDs (Å), and inner-shell 
C) MPEs (%) and D) Max PEs across all complexes relative to crystal structure references 
for each functional from gas-phase all-electron and ECP optimizations. 
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Figure D.35. All-heavy-atom A) ARMSDs (Å) and B) Max RMSDs (Å), and inner-shell 
C) MPEs (%) and B) Max PEs (%) across all complexes relative to crystal structure 
references for each functional from all-electron and ECP optimizations in implicit water. 
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Appendix E 

Supplementary Information for Chapter 6: A DFT Investigation into the Structure 
and Strength of Hydrated Li+–Nucleic Acid Interactions 

Contains Tables E.1–E.6 and Figures E.1–E.8
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Table E.1. BEs (kcal/mol) evaluated in the gas phase and various implicit environments for Li+ binding to all positions in G or 
dimethyl phosphate.a 

Implicit 
Environment 

G(O6–N7) G(N2–N3) P(2NB) P(1B1NB) P(2B) 

Gas –78.7 –52.3 –172.1 –162.4 –148.3 
Benzene –37.6 –21.6 –79.3 –73.0 –63.1 

diethylether –22.3 –11.3 –46.3 –41.6 –34.5 
1-bromopropaneb –14.4 –3.1 –28.8 –25.0 –20.1 

acetone –9.1 –2.6 –17.2 –15.0 –10.9 
1,2-ethanediol –7.4 –2.8 –13.7 –11.9 –8.1 

water –6.6 –2.7 –11.9 –10.3 –6.8 
aAll geometries were optimized in each solvent using IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried 
out with IEF-PCM-MN15/aug-cc-pVTZ. See Figure 1 for definitions of complexes considered in present work. The data reported 
does not contain deformation energy. The G models are capped at the N9 position with a hydrogen. b1-bromopropane mimics the 
dielectric of a DNA environment.  
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Table E.2. BEs (kcal/mol) of hydrated Li+–G and Li+–P complexes in the gas phase.a 

 Li+–
G(N7)b 

 Li+–
G(O6)b 

 Li+–
P(2NB) 

 

# of 
Waters 

BE  BE  BE  

0 –78.7  –78.7  –172.1  
1 –66.3  –66.3  –164.0  
2 –55.0  –55.0  –159.9  
3 –51.8  –50.9  –156.4  
4 –48.9  –47.9  –162.4  
5 –47.6  –45.8  –159.6  

aAll geometries were optimized with MN15/aug-cc-pVDZ and single-point calculations were carried out using MN15/aug-cc-
pVTZ. The data reported does not contain deformation energy. The G models are capped at the N9 position with a hydrogen. bLi+ 
is coordinated to both N7 and O6 for 1 and 2 waters, while monodentate coordination to either O6 or N7 is preferred when 3 or 
more waters are present.  

 

Table E.3. BEs (kcal/mol) for explicitly hydrated Li+–G and Li+–P complexes in implicit water.a 

 Li+–G(N7)b  Li+–G(O6)b  Li+–Phosphate(2NB)  
# of Waters BE  BE  BE  

0 –6.6  –6.6  –11.9  
1 –8.1  –8.1  –19.8  
2 –9.9  –9.9  –26.9  
3 –17.4  –18.5  –32.7  
4 –18.7  –17.6  –38.7  
5 –19.8  –19.2  –38.0  

aAll geometries were optimized with IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried out using IEF-
PCM-MN15/aug-cc-pVTZ. The data reported does not contain deformation energy. The G models are capped at the N9 position 
with a hydrogen. bLi+ is coordinated to both N7 and O6 for 1 and 2 waters, while monodentate coordination to either O6 or N7 
is preferred when 3 waters are present.  
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Table E.4. BEs (kcal/mol) for explicitly hydrated Li+–G and Li+–P complexes in the gas phase and implicit water.a 

 Li+–G(N7)b  Li+–G(O6)b  Li+–Phosphate(2NB) 
# of Waters Gas Phase Water  Gas Phase Water  Gas Phase Water 

0 –78.7 –6.6  –78.7 –6.6  –172.1 –11.9 
1 –66.3 –8.1  –66.3 –8.1  –164.0 –19.8 
2 –55.0 –9.9  –55.0 –9.9  –159.9 –26.9 
3 –51.8 –17.4  –50.9 –18.5  –156.4 –32.7 
4 –48.9 –18.7  –47.9 –17.6  –162.4 –38.7 
5 –47.6 –19.8  –45.8 –19.2  –159.6 –38.0 

aAll geometries were optimized with IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried out using IEF-
PCM-MN15/aug-cc-pVTZ in each respective solvent. The data reported does not include deformation energy. The G models are 
capped at the N9 position with a hydrogen. bLi+ is coordinated to both N7 and O6 for 1 and 2 waters, while monodentate 
coordination to either O6 or N7 is preferred when 3 waters are present.  
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Table E.5. BEs (kcal/mol) evaluated in 1-bromopropane and water for all explicitly hydrated Li+–nucleobase complexes 
involving 3 or 5 waters.a  

 n = 3 n = 5 Differenceb 

Complex 1-bromopropane Water 1-bromopropane Water 1-
bromopropane 

Water 

A(N1) –12.7 –10.2 –14.0 –11.7 –1.3 –1.5 
A(N3) –10.7 –8.1 –9.8 –8.2 0.9 –0.1 
A(N7) –13.4 –11.6 –19.1 –12.7 –5.7 –1.1 
C(N3) –25.8 –20.9 –27.9 –23.4 –2.1 –2.5 
C(O2) –25.7 –20.3 –25.1 –20.9 0.6 –0.6 
G(N3) –8.5 –7.1 – – – – 
G(N7) –22.5 –17.2 –23.8 –20.0 –1.3 –2.8 
G(O6) –23.3 –17.9 –23.6 –19.6 –0.3 –1.7 
T(O2) –13.3 –10.4 –14.5 –12.2 –1.2 –1.8 
T(O4) –12.9 –10.2 –17.1 –13.5 –4.2 3.3 
U(O2) –11.2 –10.4 –13.7 –11.8 –2.5 –1.4 
U(O4) –13.0 –9.8 –15.7 –13.1 –2.7 –3.3 

aAll geometries were optimized with IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried out using IEF-
PCM-MN15/aug-cc-pVTZ in each respective solvent. The data reported does not contain deformation energy. All nucleobase 
models are capped with a methyl group at the N9 and N1 position in purines and pyrimidines, respectively. bThe differences in 
BEs are calculated as the hydrated Li+–nucleic acid complex with 3 waters subtracted from complexes with 5 Li+-bound waters 
in 1-bromopropane or water. 
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Table E.6. BEs (kcal/mol) of the WCF base pairing in hydrated Li+–nucleobase pair complexes compared to canonical WCF 
base pairs in the absence of Li+.a 

 n = 3 n = 5 
 1-bromopropane Water 1-bromopropane Water 

Complex 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+𝐵𝐵–𝑃𝑃
 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 Diff.b 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+𝐵𝐵–𝑃𝑃 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 Diff. 

b 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+𝐵𝐵–𝑃𝑃 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 Diff. 
b 𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖+𝐵𝐵–𝑃𝑃 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 Diff. 

b 
A(N7):T –10.8 

–11.2 

0.4 –10.1 

–10.4 

0.3 –10.9 

–11.2 

0.3 –10.2 

–10.4 

0.2 
A(N3):T –11.2 0.0 –10.4 0.0 – – – – 
A:T(O2) –11.4 –0.2 –10.5 –0.1 –10.6 0.6 –10.0 0.4 
A:T(O4) –10.7 0.5 –10.4 0.0 –10.9 0.3 –9.1 1.3 
A(N7):U –10.9 

–11.4 

0.5 –10.2 

–10.5 

0.3 –11.0 

–11.4 

0.4 –10.2 

–10.5 

0.3 
A(N3):U –11.3 0.1 –10.5 0.0 –11.3 0.1 – – 
A:U(O2) –11.4 0.0 –10.6 –0.1 –11.0 0.4 –10.3 0.2 
A:U(O4) –10.7 0.7 –10.1 0.4 –10.8 0.6 –10.0 0.5 
G(N7):C –20.8 

–19.1 

–1.7 –17.1 

–16.6 

–0.5 –19.8 

–19.1 

–0.7 –17.1 

–16.6 

–0.5 
G(O6):C –19.4 –0.3 –16.8 –0.2 –19.1 0.0 –16.6 0.0 
G(N3):C –19.2 –0.1 –16.7 –0.1 – – – – 
G:C(O2) –18.3 0.8 –15.9 0.7 – – – – 

aAll geometries were optimized with IEF-PCM-MN15/aug-cc-pVDZ and single-point calculations were carried out using IEF-
PCM-MN15/aug-cc-pVTZ in each respective solvent. The data reported does not include deformation energy. All nucleobase 
models are capped with a methyl group at the N9 and N1 position in purines and pyrimidines, respectively. bThe differences 
are calculated as the hydrated Li+–base pair BE subtracted by the hydrated Li+–nucleobase BE in each solvent for 3 or 5 waters. 
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Figure E.1. Structures of (A) Li+–G(O6–N7), (B) Li+–G(N2–N3), (C) Li+–P(2NB), (D) Li+–
P(1B1NB), and (E) Li+–P(2B) complexes in different dielectric mediums highlighting the G and P 
complexes that undergo a change in coordination geometry. The ∠(OPO) angles and ∠(N2C2N3) 
angles (°) are provided.      
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Figure E.2. Key distances (Å) in explicitly hydrated Li+–G complexes in the gas phase (blue) and 
implicit water (orange) involving (A) 0 to 2 waters with bidentate Li+–G(O6–N7) coordination, 
(B) 3 to 5 waters with monodentate Li+–G(N7) coordination, and (C) 3 to 5 waters with 
monodentate Li+–G(O6) coordination. 
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Figure E.3. Key distances (Å) in explicitly hydrated Li+–P complexes in the gas phase (blue) and 
implicit water (orange) involving 0 to 5 waters with a transition from bidentate (Li+–P(2NB)) to 
monodentate (Li+–P(1NB)) coordination. 
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Figure E.4. Key distances (Å) in explicitly hydrated Li+–nucleobase complexes involving 3 waters 
in 1-bromopropane (blue) and implicit water (orange). 
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Figure E.5. Key distances (Å) in explicitly hydrated Li+–nucleobase complexes involving 5 waters 
in 1-bromopropane (blue) and implicit water (orange). 
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Figure E.6. BEs (kcal/mol) for explicitly hydrated Li+–nucleobase complexes involving 3 or 5 
waters in 1-bromopropane (ε = 8) and implicit water (ε = 78). 



473 
 

 

Figure E.7. Key distances (Å) in explicitly hydrated Li+–nucleobase interactions within a WCF 
base pair involving 3 waters in 1-bromopropane (blue) and implicit water (orange). 
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Figure E.8. Key distances (Å) in explicitly hydrated Li+–nucleobase complexes within a WCF 
base pair involving 5 waters in 1-bromopropane (blue) and implicit water (orange). 
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Figure E.9. Example structures and key distances (Å) of explicitly hydrated Li+–T complex (top) 
and hydrated Li+–AT complex (bottom) involving 5 waters in 1-bromopropane (blue) and implicit 
water (orange). 
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Appendix G 

Supplementary Information for Chapter 8: Designing a Crown Ether–Nucleic Acid 
Adduct for Targeting Lithium: A Density Functional Theory and Ab Initio 

Molecular Dynamics Approach  

Contains Tables G.1–G.4 and Figures G.1–G.8
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Table G.1. Coordination distances (Å) and BEs (kcal/mol) of Li+–CE complex in the gas phase and water. 

Complex Distance (Å)   
 Li+–O1 Li+–O2 Li+–O3 Li+–O4 Li+–O5 Ave  BE (kcal/mol) 
Li+–CE (gas) 1.955 1.993 2.032 2.019 2.169 2.034  –101.0 
Li+–CE (water) 1.998 2.076 2.151 2.055 2.218 2.100  –18.2 

 

Table G.2. Coordination distances (Å) and BEs (kcal/mol) of Li+–CEC and Li+–CECBP where Li+ is bound to the crown ether 
center in water. 

Complex Distance (Å)   
 Li+–O1 Li+–O2 Li+–O3 Li+–O4 Li+–O5 Ave  BE 

(kcal/mol) 
Li+–CEC 2.039 2.075 2.128 2.049 2.184 2.095  –16.1 
Li+–CEC BP 2.039 2.092 2.140 2.040 2.179 2.098  –16.4 

 

Table G.3. Coordination distances (Å) and BEs (kcal/mol) of Li+–CEC and Li+–CECBP where Li+ is bound to the O6–N7 
position of G in water. 

Complex Distance (Å)    
 Li+–N7 Li+–O6 Ave  BE (kcal/mol) 
Li+–G 2.318 2.080 2.199  –5.7 
Li+–CEC BP 2.039 2.092 2.098  –6.0 

 

Table G.4. Average WCF base pair distances (Å) and of Li+–CECBP over the AIMD simulations. 

Complex Distance (Å) 
 G(O6)–C(H-N) G(N-H)–C(N3) G(N-H)–C(O2) 
Li+–CEC 1.899±0.164 1.929±0.122 1.946±0.182 
Li+–G 1.951±0.238 2.466±0.760 3.019±1.170 
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Figure G.1. Diagram of the nucleoside (left) and peptide (right) connection in the CECNBP 
and CECPBP models. 

 

Figure G.2. The BEGVAL crystal structure used in present work to construct the CE 3d 
variant.1  

 

 
Figure G.3. Overlays of DFT-optimized structures between (a) gas-phase (green) and water 
(grey) Li+–CE complex, (b) water Li+–CE (grey) and CE monomer (blue), (c) gas-phase 
Li+–CE (green) and CE monomer (yellow), and (d) water (blue) and gas-phase (yellow) CE 
monomers. 
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Figure G.4. DFT-optimized structures in implicit water of (a) CECBP and (b) GC, with 
WCF distances (Å) and calculated binding energies (kcal/mol).  

 

 

Figure G.5. DFT-optimized structures in implicit water of peptide linkage models (PNA) 
with Li+ interacting at the CE center (left) or G(O6–N7) (right). 
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Figure G.6. GFN2-xTB-optimized structure of a CE-modified PNA duplex in implicit 
water with the (a) front view and (b) side view of PNA. 
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Figure G.7. Overlay of the unmodified DNA duplex (green) with a CE-modified DNA 
duplex (grey) (left), and an overlay of a CE-modified DNA duplex without Li+ (grey) and 
with Li+ (purple; right). All structures were optimized in implicit water using GFN2-xTB. 

 

 

Figure G.8. Overlay of the unmodified PNA duplex (green) with a CE-modified PNA 
duplex (grey) (left), and an overlay of a CE-modified PNA duplex without Li+ (grey) and 
with Li+ (purple; right). All structures were optimized in implicit water using GFN2-xTB. 
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