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ABSTRACT 

 

 

COMPUTATIONAL INVESTIGATIONS OF BROMINE AND IODINE HALOGEN 

BONDED COMPLEXES AND THE PROLINE CATALYZED DIRECT ALDOL 

REACTION 

 

 

Witold Wroblewski Advisor: 

University of Guelph, 2012 Professor J.D. Goddard 

 

 

 Halogen bonding is a non-covalent interaction that has significant impact in different sub-

disciplines of chemistry. Until recently it has been largely ignored due to the greater prevalence 

of hydrogen bonding. Non-bonding interactions have long been a problem for density functional 

theory due to the theory’s local nature. This has lead to the creation of new functionals such as 

the M06 and M06-2X methods or the addition of an empirical correction to existing methods to 

accurately describe medium distance interactions. Examination of halogen bonds requires the use 

of a basis set that is optimized for all halogens such as def2-TZVP, which uses effective-core 

potentials for iodine for efficiency and is close enough to the basis set limit to ignore BSSE. 

These new methods and basis sets are judged against the CT7/04 database to determine their 

accuracy and efficiency. The M06-2X and ωB97XD exchange correlation functionals coupled 

with the def2-TZVP basis set produce the most accurate method/basis set combinations which 

are used to benchmark these methods and basis sets against the Hal77/12 database proposed in 

this work. Geometries of the Hal77/12 database are optimized using M06-2X/def2-TZVP, M06-

2X/def2-QZVP, ωB97XD/def2-TZVP, ωB97XD/def2-TZVP, MP2/def2-TZVP, and CCSD(T)/ 

def2-TZVP. The geometries optimized at the CCSD(T)/def2-TZVP level and their respective 

single point energies are used as the reference values for benchmarking. The best method/basis 

set combination was ωB97XD/def2-TZVP with a deviation 2.78 kJ/mol from the reference 

values. 

 

The proline catalyzed direct aldol reaction is an important example of a organocatalyst 

with the ability to form carbon carbon bonds. The computational assessment of the mechanisms 

energetics has long been difficult due to the size of the system. A new approach using 



 

parameterized coupled cluster theory, LPNO-CCSD and LPNO-pCCSD/IIa, is used to evaluate 

the energetics of the mechanism. The single point energies of the coupled cluster approach are 

compared to density functional theory results. The mechanism is evaluated in the gas phase, in 

water, and in DMSO to assess the utility of these newer approaches in solvents. The mechanism 

for the reaction is different in the gas phase than in water and DMSO. The single point energies 

evaluated in water and DMSO are nearly identical and suggest that the two solvents could be 

used interchangeably in a laboratory setting. 



iv 

Acknowledgements 

 

 

 

I would like to acknowledge the assistance of a number of people throughout my studies 

at the Guelph – Waterloo Centre for Graduate Work in Chemisty. First and foremost is my 

Supervisor, Prof. J.D. Goddard, whose guidance, humour, and editorial skills have directed the 

development of my research and skills. The many contributions of Prof. M. Nooijen, who 

provided computational resources and theoretical insight into problems encountered are 

acknowledged. The fellow members of the computational quantum chemistry research groups at 

the University of Guelph and University of Waterloo, Mr. L. Huntington, Mr. P. Goel, Dr. Xue 

Qin Ran and Mr. M. Salazar – Vargas for many insightful conversations and invaluable research 

assistance. I would like to thank my advisory committee, Prof. G. Penner and Prof M. Denk, for 

their comments and suggestions. I would like to also thank Prof. D. Thomas for being on the 

examination committee and Prof. A. Houmam for chairing the defence. Finally I would like to 

thank my family and friends for their support and encouragement throughout this endeavour. 

  



v 

 Table of Contents 

 

Acknowledgements ................................................................................................................ iv 

List of Appendices ................................................................................................................. viii 

List of Figures ........................................................................................................................ ix 

List of Tables ......................................................................................................................... xiv 

 

Chapter 1:  Introduction 

 

1.1 Introduction ................................................................................................................ 2 

1.2 References .................................................................................................................. 8 

 

Chapter 2:  Computational Methods 

 

2.1 Introduction ................................................................................................................ 13 

2.2 Hartree-Fock .............................................................................................................. 14 

2.3 Møller-Plesset Perturbation Theory ........................................................................... 16 

2.4  Density Functional Theory ........................................................................................ 17 

 2.4.1 Meta Density Functionals .............................................................................. 21 

 2.4.2 Hybrid and Double Hybrid Density Functionals ........................................... 22 

 2.4.3 Minnesota Density Functional Methods ........................................................ 23  

 2.4.4 Empirical Correction for Dispersion .............................................................. 25 

2.5  Coupled Cluster Theory ............................................................................................. 28 

2.6 Local Pair Orbitals ..................................................................................................... 29 

2.7 Parameterized Coupled Cluster Theory ..................................................................... 30 

2.8 Basis Sets ................................................................................................................... 31 

 2.8.1 Zeta Basis Sets ............................................................................................... 32 

 2.8.2 Split Valence Basis Sets................................................................................. 32 

 2.8.3 Effective Core Potentials ............................................................................... 33 

 2.8.4 Basis Set Superposition Error ........................................................................ 34 

2.9 Solvation Models ....................................................................................................... 34 

2.10 Programs and Facilities .............................................................................................. 35 

 2.10.1 Gaussian09 ..................................................................................................... 36 

 2.10.2 ACES II .......................................................................................................... 36 

 2.10.3 CFOUR .......................................................................................................... 37 

 2.10.4 MOLPRO ....................................................................................................... 37 

 2.10.5 ORCA ............................................................................................................ 38 

 2.10.6 Choosing a Program ....................................................................................... 40 

2.11 References .................................................................................................................. 41 

  



vi 

Chapter 3:  Halogen Bonding 

 

3.1 Introduction ................................................................................................................ 45 

3.2 Computational Details ............................................................................................... 48 

3.3 CT7/04 Database ........................................................................................................ 49 

 3.3.1 H4C4 – F2 ..................................................................................................... 50 

 3.3.2 H3N – F2 ...................................................................................................... 51 

 3.3.3 H2C2 – ClF .................................................................................................. 51 

 3.3.4 HCN – ClF .................................................................................................. 52 

 3.3.5 H3N – Cl2 .................................................................................................... 53 

 3.3.6 H2O – ClF ................................................................................................... 53 

 3.3.7 H3N – ClF ................................................................................................... 54 

 3.3.8 Analysis of Timing ..................................................................................... 55 

 3.3.9 Summary ..................................................................................................... 58 

3.4 Hal77/12 Database ..................................................................................................... 59 

 3.4.1 Halogen Bond Donors................................................................................. 59 

 3.4.2 Halogen Bond Acceptors ............................................................................ 61 

 3.4.3 CCSD(T)/def2-TZVP Halogen Bond Dissociation Energies ..................... 61 

  3.4.3.1 NH3 Halogen Bond Acceptor................................................. 61 

  3.4.3.2 H2O Halogen Bond Acceptor................................................. 64 

  3.4.3.3 C2H4 Halogen Bond Acceptor ............................................... 64 

  3.4.3.4 C2H2 Halogen Bond Acceptor ............................................... 65 

  3.4.3.5 HCN Halogen Bond Acceptor ............................................... 65 

  3.4.3.6 CH2O Halogen Bond Acceptor .............................................. 66 

  3.4.3.7 CH2S Halogen Bond Acceptor ............................................... 66 

  3.4.3.8 CH2NH Halogen Bond Acceptor ........................................... 67 

  3.4.3.9 CH2PH Halogen Bond Acceptor ............................................ 67 

  3.4.3.10 PH3 Halogen Bond Acceptor ................................................. 68 

  3.4.3.11 SH2 Halogen Bond Acceptor ................................................. 68 

 3.4.4 Analysis of Methods ................................................................................... 69 

 3.4.5 Geometry Analysis...................................................................................... 72 

 3.4.6 Halogen Bond Length Analysis .................................................................. 72 

 3.4.7 Intramolecular Halogen Bond Length Analysis ......................................... 74 

 3.4.8 Mulliken Charge Analysis .......................................................................... 75 

 3.4.9 Summary ..................................................................................................... 76 

3.5 References .................................................................................................................. 77 

  



vii 

Chapter 4:  The Proline Catalyzed Assymetric Aldol Reaction in the Gas 

Phase, Water, and DMSO 

 

4.1 Introduction ................................................................................................................ 80 

4.2 Computational Details ............................................................................................... 84 

4.3 Geometry Optimizations ............................................................................................ 85 

4.3.1 Geometry Optimizations in the Gas Phase ................................................. 85 

4.3.2 Geometry Optimizations in Water .............................................................. 88 

4.3.3 Geometry Optimizations in DMSO ............................................................ 91 

4.4 Energetics ................................................................................................................... 93 

 4.4.1 Energies of the Mechanism in the Gas Phase ............................................. 93 

 4.4.2 Energies of the Mechanism in Water .......................................................... 96 

 4.4.3 Energies of the Mechanism in DMSO ........................................................ 100 

4.5 Analysis of Methods .................................................................................................. 103 

4.6 Summary .................................................................................................................... 111 

4.7 References .................................................................................................................. 113 

 

Chapter 5: Conclusions and Future Work 

 

5.1 Computational Methods ............................................................................................. 117 

5.2 Halogen Bonding ....................................................................................................... 117 

5.3 Proline Catalyzed Asymmetric Aldol Reaction ......................................................... 119 

5.4 Future Work ............................................................................................................... 120 

  



viii 

List of Appendices 

 

Appendix A: CT7/04 Dissociation Energies .................................................................... 121 

 

Appendix B: CT7/04 Absolute Deviation of Dissociation Energies ................................ 126 

 

Appendix C: CT7/04 Calculation Times .......................................................................... 131 

 

Appendix D: H77/12 Dissociation Energies ..................................................................... 136 

 

Appendix E: H77/12 Absolute Deviations in Dissociation Energy ................................. 148 

 

Appendix F:  H77/12 CCSD(T)/def2-TZVP Optimized Geometries ............................... 160 

 

Appendix G: H77/12 Non-Covalent Halogen Bond Length ............................................ 183 

 

Appendix H:  H77/12 Deviations in Non-Covalent Halogen Bond Length ...................... 195 

 

Appendix I:  H77/12 Intramolecular Halogen Bond Lengths .......................................... 207 

 

Appendix J:  Mulliken Charges ........................................................................................ 215 

  



ix 

List of Figures 

 

Figure 2.1 The applicability of different computational methods to optimize 

systems of varying size .................................................................................. 17 

 

Figure 3.1  The molecular electrostatic potentials of CF4, CF3Cl, CF3Br, and 

CF3I in Hartree at the 0.001 electrons Bohr
-3

 iso-density using the 

Molekel visualization package ....................................................................... 46 

 

Figure 3.2  Four different schemes for halogen bonding varying in their 

orientation and substituents. X represents the halogen bond donor 

and Y represents different halogen bond acceptors. R and R’ 

represent functional groups associated with the donor and acceptor ............. 47 

 

Figure 3.3 The seven halogen bond donors of the HB77 database and their 

respective bond lengths optimized at the CCSD(T)/def2-TZVP 

level of theory ................................................................................................ 60 

 

Figure 3.4  Six of the eleven halogen bond acceptors of the HB77 database 

and their corresponding bond lengths optimized using 

CCSD(T)/def2-TZVP .................................................................................... 62 

 

Figure 3.5  Five of the eleven halogen bond acceptors of the HB77 database 

and their corresponding bond lengths optimized using 

CCSD(T)/def2-TZVP .................................................................................... 63 

 

Figure 4.1 The mechanism proposed by Rankin et al. for the proline catalyzed 

direct aldol reaction of acetone and acetaldehyde in the gas 

phase.
25

 The mechanism was extended by including a previously 

unidentified transition state QTS and adding two complexes, V and 

WTS, which lead to the completion of the catalysis ....................................... 86 

 

Figure 4.2  The mechanism proposed by Rankin et al. for the proline catalyzed 

direct aldol reaction of acetone and acetaldehyde in water. The 

mechanism was extended by including previously unidentified 

transition states wFTS, wQTS, and wWTS ........................................................ 89 

  



x 

Figure 4.3  The mechanism proposed by Rankin et al. for the proline catalyzed 

direct aldol reaction of acetone and acetaldehyde in DMSO.
25

 The 

mechanism was extended by including previously unidentified 

transition states dFTS, dQTS, and dWTS........................................................... 90 

 

Figure 4.4  The relative energies in the gas phase of the complexes in the 

proline catalyzed direct aldol reaction of acetone and acetaldehyde 

calculated by four different methods. The four reference 

complexes for the relative energies, A + B, H, J + K, and O + N, 

are depicted by zero kJ/mol relative energies to show the start of 

each phase ...................................................................................................... 95 
 

Figure 4.5  The relative energies in water of the complexes in the proline 

catalyzed direct aldol reaction of acetone and acetaldehyde 

calculated by four different methods. The four reference 

complexes for the relative energies, A + B, H, J + K, and O + N, 

are depicted by zero kJ/mol relative energies to show the start of 

each phase ...................................................................................................... 99 
 

Figure 4.6  The relative energies in DMSO of the complexes in the proline 

catalyzed direct aldol reaction of acetone and acetaldehyde 

calculated by four different methods. The four reference 

complexes for the relative energies, A + B, H, J + K, and O + N, 

are depicted by zero kJ/mol relative energies to show the start of 

each phase ...................................................................................................... 102 
 

Figure 4.7 The deviation in the relative calculated energy of three methods, 

M06-2X, PBE1PBE, and LPNO-CCSD, from the reference LPNO-

pCCSD\IIa energy for each complex of the mechanism in the gas 

phase .............................................................................................................. 108 
 

Figure 4.8 The deviation in the relative calculated energy of three methods, 

M06-2X, PBE1PBE, and LPNO-CCSD, from the reference LPNO-

pCCSD\IIa energy for each complex of the mechanism in water ................. 109 
 

Figure 4.8 The deviation in the relative calculated energy of three methods, 

M06-2X, PBE1PBE, and LPNO-CCSD, from the reference LPNO-

pCCSD\IIa energy for each complex of the mechanism in DMSO ............... 110 
 



xi 

Figure F.1 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with NH3 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 161 

 

Figure F.2 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with NH3 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 162 

 

Figure F.3 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with H2O 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 163 

 

Figure F.4 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with H2O 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 164 

 

Figure F.5 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with C2H4 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 165 

 

Figure F.6 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with C2H4 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 166 

 

Figure F.7 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with C2H2 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 167 

 

Figure F.8 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with C2H2 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 168 

 



xii 

Figure F.9 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with HCN 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 169 

 

Figure F.10 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with HCN 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 170 

 

Figure F.11 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with CH2O 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 171 

 

Figure F.12 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with CH2O 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 172 

 

Figure F.13 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with CH2S 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 173 

 

Figure F.14 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with CH2S 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 174 

 

Figure F.15 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with CH2NH 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 175 

 

Figure F.16 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with 

CH2NH optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 176 

 



xiii 

Figure F.17 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with CH2PH 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 177 

 

Figure F.18 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with 

CH2PH optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 178 

 

Figure F.19 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with PH3 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 179 

 

Figure F.20 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with PH3 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 180 

 

Figure F.21 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of four halogen bond donors in complex with H2S 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 181 

 

Figure F.22 The intramolecular and intermolecular bond lengths and dihedral 

bond lengths of three halogen bond donors in complex with H2S 

optimized with CCSD(T)/def2-TZVP and visualized in 

Gaussview5 .................................................................................................... 182 

  



xiv 

List of Tables 

 

Table 2.1  The single point total energies (Hartrees) of the I
-
 atom calculated 

by Hartree-Fock, MP2, and CCSD(T) coupled with the def2-TZVP 

basis set using 5 different ab initio programs. An effective core 

potential was used in these calculations......................................................... 39 

 

Table 2.2 The single point total energies (Hartrees) of HCN calculated by 

Hartree-Fock, MP2, and CCSD(T) coupled with the def2-TZVP 

basis set using 5 different ab initio programs ................................................ 39 

 

Table 3.1 Mean absolute deviation in the dissociation energies of the CT7/04 

database calculated by sixteen unique method and basis set 

combinations from the W1 benchmark energies ........................................... 57 

 

Table 3.2 Average time required to optimize all complexes from the CT7/04 

database by four methods combined with four basis sets .............................. 57 

 

Table 3.3 Mean absolute deviation in dissociation energy of M06-2X/def2-

TZVP,M06-2X/def2-QZVP,ωB97XD/def2-TZVP, ωB97XD/def2-

QZVP, and MP2/def2-TZVP of all halogen bond acceptors for 

each halogen bond donor from the CCSD(T)def-TZVP 

dissociation energy......................................................................................... 70 

 

Table 3.4 Mean absolute deviation of five method and basis set combinations 

for the HAL77 database dissociation energies determined by 

CCSD(T)/def2-TZVP .................................................................................... 71 

 

Table 3.5  Mean absolute deviations of five method and basis set 

combinations for the HAL77 database non-covalent halogen bond 

length determined by CCSD(T)/def2-TZVP ................................................. 73 

 

Table 4.1 The relative energies of the proline catalyzed asymmetric aldol 

reaction in the gas phase calculated by four methods with the def2-

TZVP basis set using M06-2X optimized geometries ................................... 94 

 

Table 4.2 The relative energies of the proline catalyzed asymmetric aldol 

reaction in H2O solvent calculated by four methods with the def2-

TZVP basis set using M06-2X optimized geometries ................................... 98 



xv 

 

Table 4.3 The relative energies of the proline catalyzed asymmetric aldol 

reaction in DMSO solvent calculated by four methods with the 

def2-TZVP basis set using M06-2X optimized geometries ........................... 101 

 

Table 4.4 The deviation in relative energies of the proline catalyzed 

asymmetric aldol reaction in the gas phase calculated by four 

methods with the def2-TZVP basis set using M06-2X optimized 

geometries from the LPNO-pCCSD/IIa relative energy ................................ 103 

 

Table 4.5 The deviation in relative energies of the proline catalyzed 

asymmetric aldol reaction in H2O solvent calculated by four 

methods with the def2-TZVP basis set using M06-2X optimized 

geometries from the LPNO-pCCSD/IIa relative energy ................................ 106 

 

Table 4.6 The deviation in relative energies of the proline catalyzed 

asymmetric aldol reaction in DMSO solvent calculated by four 

methods with the def2-TZVP basis set using M06-2X optimized 

geometries from the LPNO-pCCSD/IIa relative energy ................................ 107 

 

Table A.1 Calculated dissociation energies of the H4C2 – F2 complex from the 

CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 122 

 

Table A.2 Calculated dissociation energies of the H3N – F2 complex from the 

CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 122 

 

Table A.3 Calculated dissociation energies of the H2C2 – ClF complex from 

the CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 123 

 

Table A.4 Calculated dissociation energies of the HCN – ClF complex from 

the CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 123 

 

Table A.5 Calculated dissociation energies of the H3N – Cl2 complex from 

the CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 124 



xvi 

Table A.6 Calculated dissociation energies of the H2O – ClF complex from 

the CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 124 

 

Table A.7 Calculated dissociation energies of  the H3N – ClF complex from 

the CT7/04 database by four different methods coupled with four 

different basis sets .......................................................................................... 125 

 

Table B.1 Absolute deviation between the calculated dissociation energies of 

the H4C2 – F2 complex from the CT7/04 database by four different 

methods coupled with four different basis sets benchmarked 

against the W1 energy of 4.44 kJ/mol ........................................................... 127 

 

Table B.2 Absolute deviation between the calculated dissociation energies of 

the H3N – F2 complex from the CT7/04 database by four different 

methods coupled with four different basis sets benchmarked 

against the W1 energy of 7.57 kJ/mol ........................................................... 127 

 

Table B.3 Absolute deviation between the calculated dissociation energies of 

the H2C2 – ClF complex from the CT7/04 database by four 

different methods coupled with four different basis sets 

benchmarked against the W1 energy of 15.94 kJ/mol ................................... 128 

 

Table B.4 Absolute deviation between the calculated dissociation energies of 

the HCN – ClF complex from the CT7/04 database by four 

different methods coupled with four different basis sets 

benchmarked against the W1 energy of 20.33 kJ/mol ................................... 128 

 

Table B.5 Absolute deviation between the calculated dissociation energies of 

the H3N – Cl2 complex from the CT7/04 database by four different 

methods coupled with four different basis sets benchmarked 

against the W1 energy of 20.33 kJ/mol ......................................................... 129 

 

Table B.6 Absolute deviation between the calculated dissociation energies of 

the H2O – ClF complex from the CT7/04 database by four different 

methods coupled with four different basis sets benchmarked 

against the W1 energy of 20.42 kJ/mol ......................................................... 129 

  



xvii 

 

Table B.7 Absolute deviation between the calculated dissociation energies of 

the H3N – ClF complex from the CT7/04 database by four different 

methods coupled with four different basis sets benchmarked 

against the W1 energy of 44.43 kJ/mol ......................................................... 130 

 

Table C.1 Time required to optimize the H4C2 – F2 complex from the CT7/04 

database by four methods combined with four basis sets .............................. 132 

 

Table C.2  Time required to optimize the H3N – F2 complex from the CT7/04 

database by four methods combined with four basis sets .............................. 132 

 

Table C.3  Time required to optimize the H2C2 – ClF complex from the 

CT7/04 database by four methods combined with four basis sets ................. 133 

 

Table C.4  Time required to optimize the HCN – ClF complex from the 

CT7/04 database by four methods combined with four basis sets ................. 133 

 

Table C.5 Time required to optimize the H3N – Cl2 complex from the CT7/04 

database by  four methods combined with four basis sets ............................. 134 

 

Table C.6 Time required to optimize the H2O – ClF complex from the 

CT7/04 database by four methods combined with four basis sets ................. 134 

 

Table C.7 Time required to optimize the H3N – ClF complex from the 

CT7/04 database by four methods combined with four basis sets ................. 135 

 

Table D.1 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor NH3 and seven halogen donating diatomics ............. 137 

 

Table D.2 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor H2O and seven halogen donating diatomics ............. 138 

 

Table D.3 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor C2H4 and seven halogen donating diatomics ............ 139 

 



xviii 

Table D.4 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor C2H2 and seven halogen donating diatomics ............ 140 

 

Table D.5 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor HCN and seven halogen donating diatomics ............ 141 

 

Table D.6 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor CH2O and seven halogen donating 

diatomics ........................................................................................................ 142 

 

Table D.7 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor CH2S and seven halogen donating 

diatomics ........................................................................................................ 143 

 

Table D.8 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor CH2NH and seven halogen donating 

diatomics ........................................................................................................ 144 

 

Table D.9 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor CH2PH and seven halogen donating 

diatomics ........................................................................................................ 145 

 

Table D.10 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor PH3 and seven halogen donating diatomics .............. 146 

 

Table D.11 Calculated dissociation energies by six unique method and basis 

set combinations of seven halogen bonded complexes between the 

halogen bond acceptor SH2 and seven halogen donating diatomics .............. 147 

 

Table E.1 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 



xix 

halogen bonded complexes between the halogen bond acceptor 

NH3 and seven halogen donating diatomics .................................................. 149 

 

Table E.2 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

H2O and seven halogen donating diatomics .................................................. 150 

 

Table E.3 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

C2H4 and seven halogen donating diatomics ................................................. 151 

 

Table E.4 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

C2H2 and seven halogen donating diatomics ................................................. 152 

 

Table E.5 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

HCN and seven halogen donating diatomics ................................................. 153 

 

Table E.6 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

CH2O and seven halogen donating diatomics ................................................ 154 

 

Table E.7 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

CH2S and seven halogen donating diatomics ................................................ 155 

  



xx 

 

Table E.8 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

CH2NH and seven halogen donating diatomics ............................................. 156 

 

Table E.9 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

CH2PH and seven halogen donating diatomics ............................................. 157 

 

Table E.10 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

PH3 and seven halogen donating diatomics ................................................... 158 

 

Table E.11 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

SH2 and seven halogen donating diatomics ................................................... 159 

 

Table G.1 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor NH3 and seven halogen 

donating diatomics ......................................................................................... 184 

 

Table G.2 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor H2O and seven halogen 

donating diatomics ......................................................................................... 185 

 

Table G.3 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor C2H4 and seven halogen 

donating diatomics ......................................................................................... 186 



xxi 

Table G.4 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor C2H2 and seven halogen 

donating diatomics ......................................................................................... 187 

 

Table G.5 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor HCN and seven halogen 

donating diatomics ......................................................................................... 188 

 

Table G.6 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor CH2O and seven halogen 

donating diatomics ......................................................................................... 189 

 

Table G.7 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor CH2S and seven halogen 

donating diatomics ......................................................................................... 190 

 

Table G.8 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor CH2NH and seven halogen 

donating diatomics ......................................................................................... 191 

 

Table G.9 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor CH2PH and seven halogen 

donating diatomics ......................................................................................... 192 

 

Table G.10 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor PH3 and seven halogen 

donating diatomics ......................................................................................... 193 

 

Table G.11 Optimized non covalent halogen bond length by six unique method 

and basis set combinations of seven halogen bonded complexes 

between the halogen bond acceptor SH2 and seven halogen 

donating diatomics ......................................................................................... 194 

 



xxii 

Table H.1  Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor NH3 and 

seven halogen donating diatomics ................................................................. 196 

 

Table H.2 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor H2O and 

seven halogen donating diatomics. ................................................................ 197 

 

Table H.3 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor C2H4 and 

seven halogen donating diatomics ................................................................. 198 

 

Table H.4 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor C2H2 and 

seven halogen donating diatomics ................................................................. 199 

 

Table H.5 Calculated absolute deviation of dissociation energies by five 

unique method and basis set combinations from the 

CCSD(T)/def2-TZVP calculated dissociation energy of seven 

halogen bonded complexes between the halogen bond acceptor 

HCN and seven halogen donating diatomics ................................................. 200 

 

Table H.6 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor CH2O and 

seven halogen donating diatomics ................................................................. 201 

  



xxiii 

 

Table H.7 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor CH2S and 

seven halogen donating diatomics ................................................................. 202 

 

Table H.8 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor CH2NH and 

seven halogen donating diatomics ................................................................. 203 

 

Table H.9 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor CH2PH and 

seven halogen donating diatomics ................................................................. 204 

 

Table H.10 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor PH3 and 

seven halogen donating diatomics ................................................................. 205 

 

Table H.11 Absolute deviation of the non-covalent halogen bond distance 

optimized by five method and basis set combinations from the 

CCSD(T)/def2-TZVP optimized bond length of seven halogen 

bonded complexes between the halogen bond acceptor SH2 and 

seven halogen donating diatomics ................................................................. 206 

 

Table I.1 Intramolecular halogen bond distances of I2 in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 207 

 

Table I.2 Intramolecular halogen bond distances of IBr in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 208 

 



xxiv 

Table I.3 Intramolecular halogen bond distances of ICl in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 209 

 

Table I.4 Intramolecular halogen bond distances of IF in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 210 

 

Table I.5 Intramolecular halogen bond distances of Br2 in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 211 

 

Table I.6 Intramolecular halogen bond distances of BrCl in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 212 

 

Table I.7 Intramolecular halogen bond distances of BrF in halogen bonded 

complexes compared to the isolated diatomic intramolecular 

halogen bond length calculated at the CCSD(T)/def2-TZVP level ............... 213 

 

Table J.1  Calculated Mulliken charge distribution between I2 and eleven 

halogen bond acceptors calculated with M06-2X/def2-QZVP ...................... 215 

 

Table J.2 Calculated Mulliken charge distribution between IBr and eleven 

halogen bond acceptors calculated with M06-2X/def2-QZVP ...................... 216 

 

Table J.3  Calculated Mulliken charge distribution between ICl and eleven 

halogen bond acceptors calculated with M06-2X/def2-QZVP ...................... 217 

 

Table J.4  Calculated Mulliken charge distribution between BrF and eleven 

halogen bond acceptors calculated with M06-2X/def2-QZVP ...................... 218 

 

 



1 

Chapter 1: 

Introduction 



2 

1.1 Introduction 

Recently there has been a reinvigorated interest in halogen bonds. They are a class of 

non-covalent interactions that are relatively weak but play an important role in crystal 

engineering, conducting and magnetic materials, light emitting diodes, and molecular recognition 

in biological systems.
1-14

 The strength and directionality of halogen bonds is comparable to that 

of hydrogen bonds.
1,2,3,10

 There has been significant interest in the use of these non-covalent 

interactions to tune the structures of crystals by varying functional groups.
5
 Brammer et al. and 

Aakeroy et al. have studied the competition of different non-covalent interactions in crystal 

structures involving inorganic and organic halides.
2,3,5

  Halogen bonding is extensively studied as 

a tool in pharmaceutical design. It is an interaction that can dictate the selectivity of drugs to 

provide localized treatments for ailments and limit undesired side effects.
4,14

 It has been 

established that halogen bonding occurs mainly due to five phenomena: electrostatic, 

polarization, dispersion, exchange repulsion and charge transfer effects. 

 

Long range interactions have long been difficult to replicate using density functional 

theory (DFT) due to its local nature and more correctly depicting electrons near the nucleus 

rather than long range interactions. There have been recent advances in the correction of this 

problem by various approaches. Zhao and Truhlar have optimized the exchange-correlation 

functional to compensate for medium length interactions using a variational approach.
15-18

 

Another approach is that of Grimme in which an empirical correction is added after the DFT 

calculation has been completed.
19-20

 Using a basis set that is efficient and close to the basis set 

limit allows a better description of non-covalent interactions. Ahlrichs and Weigand have created 
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the def2 series of basis sets for the elements hydrogen through radon.
21

 These basis sets are very 

useful for non-covalent interactions as they include iodine, which forms the strongest halogen 

bonds with a dissociation energy of approximately 70 kJ/mol.
1,11,12

 When coupled with DFT 

methods the def2 triple zeta basis set is significantly closer to the basis set limit which allows the 

basis set superposition error to be ignored.
21

 In order to make the calculations more efficient in 

calculating complexes with iodine an effective core potential is used to represent the core 

electrons with a  pseudo potential. 

 

The newer methods lack documentation on their performance when predicting the 

geometries and energies of halogen bonded complexes, especially those containing iodine. As 

result we have created a database consisting of 77 halogen bonded complexes optimized at the 

CCSD(T)/def2-TZVP level. The halogen bond donors in the benchmark study are I2, IBr, ICl, IF, 

Br2, BrCl, BrF and the halogen bond acceptors are NH3, H2O, C2H4, C2H2, HCN, CH2O, CH2S, 

CH2NH, CH2PH, SH2, PH3. In the first four halogen diatomics the halogen which formed the 

halogen bond was iodine and in the last three diatomics bromine. These diatomics were chosen 

because they offer a wide gamut of different electronic environments possible in larger 

molecules to demonstrate different strengths of halogen bonding. The halogen bond acceptors 

offer a broad range of atoms that are likely to be in organic molecules. The selectivity of halogen 

bonds can be used in different applications. This database was used to gauge that accuracy of 

these new methods in their ability to model halogen bonding. A series of calculations against the 

CT7/04 database determined which methods and basis sets were most suited to benchmark 

against this database.
17

 The methods used were B97-D2, ωB97X-D2, M06-2X, and MP2 coupled 

with the cc-pVTZ, def2-TZVP, LANL2DZ, and 6-311G(2d,2p) basis sets. This study showed 
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that the MP2, M06-2X and ωB97X-D2 methods performed the best when coupled with either cc-

pVTZ and def2-TZVP basis sets. However, since only the def2-TZVP basis set had ECP’s and 

basis functions to describe iodine it was chosen. This was the preferred route as opposed to 

mixing basis sets to better optimize a structure. This “mixing” approach does not offer 

predictability and utility for a great deal of atoms as opposed to a basis set that can be used for a 

large portion of the periodic table.  

 

As organocatalysts and biocatalysts play a heightened role, many industries require better 

computational methods to assist and support the development of these catalysts.  With the use of 

new theoretical approaches we can predict the energies and properties of large systems with 

increased accuracy and efficiency. These catalysts are already used in the oil industry to create 

bio-diesel, the chemical industry in green polymerization, and in the pharmaceutical industry to 

increase drug efficiency and minimize side effects.
22-26

 These large molecules benefit industry by 

requiring less energy to carry out their task and offering a higher degree of selectivity.
25-29

 The 

major and often crippling drawback of these molecules is that they are costly to develop and 

would greatly benefit from efficient and accurate computational simulations.
24,30-33

 Highly 

accurate calculations using CCSD(T) with a quadruple-zeta basis set, the “gold standard” in 

quantum chemistry, are constrained to systems consisting of less than about 10 atoms. CCSD(T) 

is not practical for large biological molecules or enzyme active sites. Density Functional Theory 

(DFT) methods are able to calculate the energy of these large systems and to optimize 

geometries. However, DFT methods are not able to precisely predict energies despite being an 

exact theory as the exchange and correlation components of the functional are approximations.
34-

35
 The geometries predicted by modern DFT methods with a larger basis set are similar to those 
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of perturbation theory and coupled cluster theory. In this study the M06-2X method, a Minnesota 

type functional created by Zhao and Truhlar, was used to optimize the structures and calculate 

vibrational frequencies.
15-18

 The M06-2X method incorporates the use of Hartree-Fock exchange 

energy, the calculation of the second-order density, and the use of heavy parameterization in 

order to increase the accuracy of DFT when evaluating weak interactions. The Minnesota class 

of functionals is able to more accurately describe long range interactions, however they still 

inaccurately describe certain interactions, such as mid range interaction.
38-39

 This leaves us 

requiring a different method to calculate the energies of larger systems.  

 

The other possible methods are perturbation theory, configuration interaction (CI), and 

coupled cluster (CC) methods. Møller – Plesset second order perturbation theory, despite treating 

correlation more correctly than DFT, is still inaccurate because of its treatment of virtual orbitals. 

Full CI calculations are very expensive and almost impossible on molecules larger than water, 

The singles and doubles variant of the theory is not size extensive and consistent. CCSD theory 

does not suffer from the setbacks of the other two methods however it is still not as accurate as 

CCSD(T) and is still very inefficient.  

 

We propose the correction of these energies using new couple clustered methods. 

Coupled cluster theory has many advantages: it is exact for two electron systems, size consistent 

and extensive, and orbital invariant.
40-42

 Recently the only way to carry out CCSD calculations 

on larger molecules involved a great deal of computing power and time. Neese et al. revitalized 

interest in the use of local pair natural orbitals (LPNO) coupled with CCSD theory to make it 
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possible to calculate the energies of larger molecules with much less computing power and 

time.
43-45

 More recently Huntington and Nooijen proposed the parameterization of the CCSD 

method, where there are three empirical parameters that do not affect any of the benefits of 

coupled cluster theory yet present a means to increase the accuracy of CCSD without sacrificing 

efficiency.
42

 Coupling the ability to adjust these terms with the efficiency of LPNO methods it is 

possible achieve a method that is closer to the accuracy of CCSD(T) while having the efficiency 

of LPNO-CCSD. The efficiency of this method can be further increased by the choice of basis 

set, Neese has created auxiliary variants of the popular def2 basis sets developed by Weigand 

and Ahlrichs which are fitted for correlation. The def2 basis sets have been shown to be accurate 

for many problems and the broad range of their applicability, hydrogen to radon, makes them 

very useful. We propose the use of highly parameterized DFT methods to optimize geometries of 

large molecules and the use of LPNO-pCCSD to evaluate the energies at these geometries to 

achieve increased accuracy over current approaches. 

 

In order to assess the applicability of these methods in optimizing and predicting the 

energy of large systems we chose to reinvestigate the reaction mechanism proposed by Rankin et 

al. of acetone with acetaldehyde  catalyzed by L-proline.
46

 L-proline is one possible catalyst in 

the asymmetric aldol reaction, is an organocatalyst and is an example of the biological type 

molecule for which parameterized coupled cluster methods can be used.
27-29,33,47,48

 The 

modification of the basic proline structures results in catalysts that increase yield and enantiomer 

selectivity significantly.
49-52

  Present interest in a L-proline catalyst in the asymmetric aldol 

reaction occurred after List et al. investigated the reaction between acetone and 

nitrobenzylaldehyde in the presence of L-proline and first documented the asymmetric aldol 
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reaction and its selectivity.
27

 In nature, the synthesis of aldol compounds is catalyzed by two 

different enzymes, aldolase class 1 and aldolase class2. The aldolase class 1 enzyme synthesizes 

aldol by a mechanism with an enamine intermediate while the aldolase class 2 enzyme catalyzes 

the reaction with a divalent metal ion.
53-55

  The L-proline mechanism mimics the class 1 enzyme 

with the creation of an enamine intermediate to produce an aldol.
56-58

  

  



8 

1.2 References 

1. Metrangolo, P.;  Resnati, G. Chem. Eur. J. 2001, 7, 2511-2519. 

 

2. Aakero ̈y, C. B.;  Schultheiss, N. C.;  Rajbanshi, A.;  Desper, J.;   Moore, C. Crys. Growth 

Des. 2009, 9, 432-441. 

 

3. Aakero ̈y, C. B.;  Champness, N. R.;  Janiak, C. Cryst. Eng. Comm. 2010, 12, 22-43. 

 

4. Lu, Y.;  Wang, Y.;  Zhu, W. Phys. Chem. Chem. Phys. 2010, 12, 4543-4551. 

 

5. Mínguez Espallargas, G.;  Zordan, F.;  Arroyo Marín, L.;   

Adams, H.;  Shankland, K.;  van de Streek, J.;  Brammer, L. Chem. Eur. J. 2009, 15, 

7554-7568. 

 

6. Zhao, Y.;  Truhlar, D. G. J. Chem. Theory Comp. 2005, 1, 415-432. 

 

7. Fourmigué, M. Halogen Bonding in Conducting or Magnetic Molecular Materials. In 

Halogen Bonding, Vol. 126; Metrangolo, P.;  Resnati, G.,   Eds.; Springer Berlin / 

Heidelberg: 2008. 

 

8. Voth, A. R. R.;  Ho, P. S. Curr. Top. Med. Chem. 2007, 7, 1336-1348. 

 

9. Clark, T.;  Hennemann, M.;  Murray, J.;  Politzer, P. J. Mol. Model. 2007, 13, 291-296. 

 

10. Metrangolo, P.;  Neukirch, H.;  Pilati, T.;  Resnati, G. Acc. Chem. Res. 2005, 38, 386-

395. 

 

11. Metrangolo, P.;  Resnati, G.;  Pilati, T.;  Liantonio, R.;  Meyer, F. J. Polym. Sci., Part A: 

Polym. Chem. 2007, 45, 1-15. 

 

12. Metrangolo, P.;  Meyer, F.;  Pilati, T.;  Resnati, G.;  Terraneo, G. Angew. Chem. Int. Ed. 

2008, 47, 6114-6127. 

 

13. Alkorta, I.;  Blanco, F.;  Solimannejad, M.;  Elguero, J. J. Phys. Chem. A 2008, 112, 

10856-10863. 

 

14. Kwiecien, R. A.;  Khavrutskii, I. V.;  Musaev, D. G.;  Morokuma, K.;   

Banerjee, R.;  Paneth, P. J. Am. Chem. Soc. 2006, 128, 1287-1292. 

 



9 

15. Zhao, Y.;  Truhlar, D. G. J. Chem. Theory Comp. 2008, 4, 1849-1868. 

 

16. Zhao, Y.;  Truhlar, D. Theor. Chim. Acta 2008, 120, 215-241. 

 

17. Zhao, Y.;  Truhlar, D. G. J. Chem. Theory Comp. 2008, 4, 1849-1868. 

 

18. Zhao, Y.;  Truhlar, D. G. Chem. Phys. Lett. 2011, 502, 1-13. 

 

19. Grimme, S. J. Comput. Chem. 2006, 27, 1787-1799. 

 

20. Grimme, S.;  Antony, J.;  Ehrlich, S.;  Krieg, H. J. Chem. Phys. 2010, 132, 154104+. 

 

21. Weigend, F.;  Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305. 

 

22. Illanes, A.;  Guzmán, F.;  Barberis, S. Proteases as Powerful Catalysts for Organic 

Synthesis. In Amino Acids, Peptides and Proteins in Organic Chemistry; Wiley-VCH 

Verlag GmbH & Co. KGaA: 2009. 

 

23. Cerro-Alarcón, M.;  Corma, A.;  Iborra, S.;  Martínez, C.;   Sabater, M. J. Applied 

Catalysis A: General 2010, 382, 36-42. 

 

24. Mathers, R. T. J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 1-15. 

 

25. Köckritz, A.;  Martin, A. Eur. J. Lipid Sci. Technol. 2008, 110, 812-824. 

 

26. Andrews, I. et al. Org. Process Res. Dev. 2009, 13, 397-408. 

 

27. List, B.;  Lerner, R. A.;  Barbas, C. F. J. Am. Chem. Soc. 2000, 122, 2395-2396. 

 

28. List, B.;  Pojarliev, P.;  Castello, C. Org. Lett. 2001, 3, 573-575. 

 

29. List, B. Tetrahedron Lett. 2002, 58, 5573-5590. 

 

30. Conley, B. L.;  Tenn, W. J.;  Young, K. J. H.;  Ganesh, S. K.;   

Meier, S. K.;  Ziatdinov, V. R.;  Mironov, O.;  Oxgaard, J.;   

Gonzales, J.;  Goddard, W. A.;  Periana, R. A. J. Mol. Catal. A: Chem. 2006, 251, 8-23. 

 

31. Rothlisberger, D.;  Khersonsky, O.;  Wollacott, A. M.;  Jiang, L.;   

DeChancie, J.;  Betker, J.;  Gallaher, J. L.;  Althoff, E. A.;   

Zanghellini, A.;  Dym, O.;  Albeck, S.;  Houk, K. N.;   Tawfik, D. S.;  Baker, D. Nature 



10 

2008, 453, 190-195. 

 

32. Willock, D. J. Annu. Rep. Prog. Chem., Sect. B: Org. Chem. 2007, 103, 294-330. 

 

33. Bahmanyar, S.;  Houk, K. N. J. Am. Chem. Soc. 2001, 123, 12911-12912. 

 

34. Neese, F.;  Hansen, A.;  Wennmohs, F.;  Grimme, S. Acc. Chem. Res. 2009, 42, 641-648. 

 

35. Cramer, C. J. Essentials of Computational Chemistry: Theories and Models, 2nd ed.; 

John Wiley & Sons: Chichester, 2008. 

 

36. Waller, M. P.;  Robertazzi, A.;  Platts, J. A.;  Hibbs, D. E.;   Williams, P. A. J. Comput. 

Chem. 2006, 27, 491-504. 

 

37. Jensen, F. Introduction to Computational Chemistry, 1st ed.; John Wiley & Sons: 

Chichester, 1999. 

 

38. Bludsky, O.;  Rubes, M.;  Soldan, P.;  Nachtigall, P. J. Chem. Phys. 2008, 128, 114102-8. 

 

39. Rubeš, M.;  Bludský, O.;  Nachtigall, P. ChemPhysChem 2008, 9, 1702-1708. 

 

40. Crawford, T. D.;  Schaefer, H. F. An Introduction to Coupled Cluster Theory for 

Computational Chemists. In Reviews in Computational Chemistry; John Wiley & Sons, 

Inc.: 2007. 

 

41. Bartlett, R. J.;  Musiał, M. Rev. Mod. Phys. 2007, 79, 291-352. 

 

42. Huntington, L. M. J.;  Nooijen, M. J. Chem. Phys. 2010, 133, 184109+. 

 

43. Werner, H.-J.;  Meyer, W. Mol. Phys. 1976, 31, 855-872. 

 

44. Ahlrichs, R.;  Keil, F.;  Lischka, H.;  Kutzelnigg, W.;  Staemmler, V. J. Chem. Phys. 

1975, 63, 455-463. 

 

45. Neese, F.;  Wennmohs, F.;  Hansen, A. J. Chem. Phys. 2009, 130, 114108-18. 

 

46. Rankin, K. N.;  Gauld, J. W.;  Boyd, R. J. J. Phys. Chem. A 2002, 106, 5155-5159. 

 

47. Bahmanyar, S.;  Houk, K. N.;  Martin, H. J.;  List, B. J. Am. Chem. Soc. 2003, 125, 2475-

2479. 

 

48. Trost, B. M.;  Brindle, C. S. Chem. Soc. Rev. 2010, 39, 1600-1632. 

 



11 

49. Berkessel, A.;  Koch, B.;  Lex, J. Adv. Synth. Cat. 2004, 346, 1141-1146. 

 

50. Cobb, A. J. A.;  Shaw, D. M.;  Longbottom, D. A.;  Gold, J. B.;   Ley, S. V. Org. Biomol. 

Chem. 2005, 3, 84-96. 

 

51. Chen, J.-R.;  An, X.-L.;  Zhu, X.-Y.;  Wang, X.-F.;  Xiao, W.-J. J. Org. Chem. 2008, 73, 

6006-6009. 

 

52. Okuyama, Y.;  Nakano, H.;  Watanabe, Y.;  Makabe, M.;  Takeshita, M.;  

 Uwai, K.;  Kabuto, C.;  Kwon, E. Tetrahedron Lett. 2009, 50, 193-197. 

 

53. Wagner, J.;  Lerner, R. A.;  Barbas, C. F. Science 1995, 270, 1797-1800. 

 

54. Takayama, S.;  McGarvey, G. J.;  Wong, C.-H. Chem. Soc. Rev. 1997, 26, 407-415. 

 

55. Joerger, A. C.;  Gosse, C.;  Fessner, W.-D.;  Schulz, G. E. Biochemistry 2000, 39, 6033-

6041. 

 

56. Zhu, X.;  Tanaka, F.;  Lerner, R. A.;  Barbas, C. F.;  Wilson, I. A. J. Am. Chem. Soc. 

2009, 131, 18206-18207. 

 

57. Clemente, F. R.;  Houk, K. N. Angew. Chem. Int. Ed. 2004, 43, 5766-5768. 

 

58. Zhu, X.;  Tanaka, F.;  Lerner, R. A.;  Barbas, C. F.;  Wilson, I. A. J. Am. Chem. Soc. 

2009, 131, 18206-18207. 



12 

Chapter 2: 

Computational Methods 



13 

2.1 Introduction 

There are many methods to choose from when calculating properties and optimizing 

structures of molecules with each method and basis set having benefits and consequences. The 

“gold standard” in computational chemistry is CCSD(T), however it suffers from being very 

computationally costly for systems larger than about ten atoms. As a result it is wise to first 

calculate the energies of small molecular systems and compare their results to CCSD(T). DFT is 

often the choice for calculations on larger systems. However many early DFT methods suffer 

when calculating energies of weakly interacting systems. This flaw in DFT has led to the 

creation of newer methods such as the Minnesota Density Functionals and Grimme’s Empirical 

Correction for Dispersion. These approaches attempt to bring DFT on par with CCSD(T) in 

predicting energies. 

 

At the heart of all these methods is the Hartree-Fock formalism which provides molecular 

orbitals and is used as the starting point for MP2 and various CC calculations. MP2 calculations 

are seen as an improvement to HF theory however interest in MP2 calculations has lagged as 

DFT theory has been refined further. Basis sets have followed a similar path to DFT, where they 

have been optimized for only a few groups or families of atoms and as a result provided a 

fragmented environment. Recently there has been greater emphasis at correcting this train of 

thought and pursuing basis sets that are efficient, accurate, and applicable to over 70% of the 

atoms in the periodic table. Through understanding the underlying theory, since many aspects of 

DFT are taken from different methods, we can better analyze the reasons for successes and 
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drawbacks as opposed to running calculations and then using the end result to determine whether 

a method or basis set is suitable. 

 

2.2 Hartree-Fock 

The Hartree-Fock method is the basis of many current electronic structure methods that 

solve the time-independent Schrödinger equation. 

 𝐻 |  Ψ = 𝐸|  Ψ  (2.1)  

 

This method arose through Fock applying the Hartree SCF procedure to Slater determinantal 

wave functions and the inclusion of the Fock operator which adds the interaction between one 

electron and a static field of other electrons and exchange effects on the Coulomb repulsion.
1
 The 

one electron Fock operator is: 

 

𝑓𝑖 = −
1

2
∇i

2 −  
𝑍𝑘

𝑟𝑖𝑘
+ 𝑉𝑖

𝐻𝐹 𝑗 

𝑁

𝑘

 (2.2)  

 

Using equation 2.2 and the Born-Oppenheimer approximations leads to the electronic 

Hamiltonian being: 

 

𝐻 𝑒𝑙𝑒𝑐 = − 
1

2
∇i

2 −

𝑁

𝑖=1

  
𝑍𝑘

𝑟𝑖𝑘
+

𝑀

𝑘=1

𝑁

𝑖=1

  𝑉𝑖
𝐻𝐹 𝑗 

𝑁

𝑗 >1

𝑁

𝑖=1

 (2.3)  
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The ground state wavefunction consists of a single Slater determinant which is a product 

of individual spin orbitals, 𝜒𝑖 , which are composed of linear combinations of basis functions.
2
 

The electronic Hamiltonian is then used to compute the electronic ground state energy. 

 𝐸0 =  Ψ0 𝐻 𝑒𝑙𝑒𝑐  Ψ0  (2.4)  

 

This leads to matrix which is composed of elements Fμν – ESμν, where Fμν is a general 

Fock matrix element, Sμν is the overlap matrix element, and E is the energy.
1
 Fμν is given by: 

 𝐹𝜇𝜈 =  𝜇 −
1

2
∇2 𝜐 −  𝑍𝑘  𝜇 

1

𝑟𝑘
 𝜈 

𝑁

𝑘

+  𝑃𝜆𝜍   𝜇𝜈 𝜆𝜍 −
1

2
 𝜇𝜆 𝜈𝜍  

𝜆𝜍

 (2.5)  

 

The first terms in equation 2.5 are the standard electronic kinetic energy and nuclear 

electron interaction energy. The third term is the four index integral. It is the most time 

consuming to evaluate the Pλσ term, the density matrix, the first term of the integral is the 

electron – electron coulombic interaction term and the second term is the exchange integral and 

is preceded by a factor of half since it is a correction for non-classical electron interaction for 

electrons with the same spin.
3
 Hartree-Fock exchange is exact, however it is not correct. Due to 

the many approximations in HF theory it shows large deviations from experiment. This is where 

more robust methods such as MPn, CI, CC, etc. are used to predict better energies then HF. 

However all these methods use the Hartree-Fock method as a starting point. 
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2.3 Møller – Plesset Perturbation Theory 

Møller – Plesset perturbation theory is an extension of Rayleigh – Schrodinger 

perturbation theory.
3
 It corrects the Hamiltonian by using exact eigenfunctions and eigenvalues 

of a simpler operator to estimate the eigenfunctions and eigenvalues of a more complex one. This 

is done by adding a small perturbation 𝜆𝑉  to the unperturbed HF Hamiltonian, 𝐻 0, which is just 

the sum of the one electron Fock operators.
4 

 𝐻 𝑒𝑙𝑒𝑐 = 𝐻 0 + 𝜆𝑉  (2.6)  

 

If the perturbation is small, the energies and wavefunctions can be written as: 

 𝐸 = 𝐸0 + 𝜆𝐸1 + 𝜆2𝐸2 + ⋯ + 𝜆𝑛𝐸𝑛  (2.7)  

 

 Ψ = Ψ0 + 𝜆Ψ1 + 𝜆2Ψ2 + ⋯ + 𝜆𝑛Ψ𝑛  (2.8)  

 

By substituting the equations 2.7 and 2. into 2.1 we can write the n
th

 order variety of Møller – 

Plesset equation. 

 

 𝐻 0 + 𝜆𝑉   Ψ0 + 𝜆Ψ1 + 𝜆2Ψ2 + ⋯ + 𝜆𝑛Ψ𝑛  

=  𝐸0 + 𝜆𝐸1 + 𝜆2𝐸2 + ⋯ + 𝜆𝑛𝐸𝑛  Ψ0 + 𝜆Ψ1 + 𝜆2Ψ2 + ⋯ + 𝜆𝑛Ψ𝑛  

(2.9)  

 

Where n=1 the first order correction to HF energy yields the HF energy. It is only at n=2 

that we start seeing an improvement in the energy solutions with the popular MP2 method. 
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Increasing the value of n increases the complexity of the integrals, however it is well 

documented that MP3 despite being as computational time consuming as MP2 does not offer an 

increase in accuracy.
1
 It is only when n=4 that integrals pertaining to triply and quadruply 

excited states appear, making the calculation much more time consuming but more accurate. 

2.4 Density Functional Theory 

Density functional theory over the last two decades has become the most popular 

computational method. It scales as N
3
, where N is the number basis functions or atoms. This 

makes it an order of magnitude less demanding than Hartree-Fock (HF), N
4
, two orders of 

magnitude less than MP2, N
5
, and five order of magnitudes less than the “gold standard” in 

computational chemistry CCSD(T).
1-3,5

 Modern DFT comes from the breakthrough by Kohn and 

Sham of using a non-interacting Hamiltonian instead of the interacting Hamiltonian used in 

Hohenberg-Kohn variational theory.
6-7 

  

 

Figure 2.1 The applicability of different computational methods to optimize systems of 

varying size.
8 

 



18 

The non-interacting Hamiltonian can be expressed as a sum of one-electron operators, 

has eigenvalues that are the sum of the one-electron eigenvalues, and eigenfunctions that are 

Slater Determinants of the individual one-electron eigenfunctions. Kohn and Sham proposed to 

start the calculation using a fictitious system of non-interacting electrons that has the same 

density as the real system for the ground-state where the electrons would interact.
 7,9

 The energy 

for a system derived from density is best written as a sum of individual components: 

 

𝐸 𝜌 𝒓  = 𝑇𝑛𝑖  𝜌 𝒓  + 𝑉𝑛𝑒  𝜌 𝒓   

+𝑉𝑒𝑒  𝜌 𝒓  + ∆𝑇 𝜌 𝒓  + ∆𝑉𝑒𝑒  𝜌 𝒓   
(2.10)  

 

In equation 2.10 the terms on the right side refer to the kinetic energy associated with 

non-interacting electrons, nuclear-electron interaction, Coulombic electron-electron repulsion, 

the correction to the kinetic energy which occurs as result of electron-electron repulsions, and all 

non-classical corrections to electron-electron repulsion, respectively.
1
 The last two terms in 

equation (2.10), which are difficult to calculate, are combined as EXC (the exchange correlation 

energy). This term takes into account the effects of quantum mechanical exchange, correlation, 

correction for self-interaction, and the difference of the kinetic energy between the fictitious non-

interacting system and the real one.
2
 Since the system consists of non-interacting electrons the 

kinetic energy is the sum of the individual electronic kinetic energies. Equation 2.10 considering 

orbitals can be written as: 
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𝐸 𝜌 𝒓  =    ∅𝑖 −
1

2
∇𝑖

2 ∅𝑖 −  ∅𝑖  
𝑍𝑘

 𝒓𝑖 − 𝒓𝑘  

𝑛𝑢𝑐𝑙𝑒𝑖

𝑘

 ∅𝑖  

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑖

+   ∅𝑖 
1

2
 

𝜌(𝒓′)

 𝒓𝑖 − 𝒓′ 
𝑑𝒓′  ∅𝑖 + 𝐸𝑋𝐶

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑖

 𝜌 𝒓   

(2.11)  

 

The expression used for density in this expression involves the Slater determinantal wave 

function: 

 𝜌 =   ∅𝑖 ∅𝑖 

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑖=1

 (2.12)  

Using the variational approach to determine the orbitals that minimize E in equation 

(2.12), they satisfy the equation:  

 𝑖
𝐾𝑆∅𝑖 = 휀𝑖∅𝑖  (2.13)  

 

The Kohn-Sham one electron operator is 

 𝑖
𝐾𝑆 = −

1

2
∇𝑖

2 −  
𝑍𝑘

 𝒓𝑖 − 𝒓𝑘  

𝑛𝑢𝑐𝑙𝑒𝑖

𝑘

+  
𝜌(𝒓′)

 𝒓𝑖 − 𝒓′ 
𝑑𝒓′ + 𝑉𝑋𝐶  (2.14)  

Where in 

 𝑉𝑋𝐶 =
𝛿𝐸𝑋𝐶

𝛿𝜌
 (2.15)  

VXC is a functional derivative which in the one-electron operator for which the expectation value 

of the Kohn-Sham Slater determinant is EXC. The minimized energy produces the exact density 
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which implies that the minimum of the fictitious system must be equal to the minimum of the 

real one. These orbitals form the Slater determinantal eigenfunction for the separable non-

interacting Hamiltonian which is the sum of the Kohn-Sham operators.
2
 

 

The determination of the Kohn-Sham orbitals involves the expression of the orbitals in a 

basis set. Auxiliary basis sets take into account that the Coulomb intergral and exchange-

correlation functional are calculated separately in DFT. An auxiliary basis set allows for a more 

efficient computation of the Coulomb integral.
1
 In HF theory both the Coulomb integral and 

exchange integrals need to be evaluated. However, most programs do not use auxiliary basis sets 

for two reasons. The first reason is that in any DFT method that involves HF exchange, the 

exchange integral needs to be evaluated and the second being purely historical, as it was easier to 

modify HF codes to represent density as the product of Kohn-Sham orbital basis functions. Thus 

the coefficients of individual orbitals in DFT are calculated by a similar approach to that in HF.  

 

Density functional theory is exact and variational except that usually an approximate EXC 

is used. Hohenberg and Kohn proved that an exchange-correlation functional must exist, 

however their proof does not detail its form.
6
 The local density approximation (LDA) was first 

used to demonstrate that one could calculate energy density, 𝜖𝑋𝐶 , at some local position r.
9
 It 

could be computed exclusively from the value of  𝜌 at that position. This is only true for the 

uniform gas where the electron density is spatially uniform and hence it has limited applicability. 

The electron density in atoms or molecules clearly is not uniform. Uniform gases that are open-

shell systems must use the spin-polarized formalism which is more commonly termed the local 
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spin density approximation (LSDA).
2
 It is of course overzealous to believe that the electron 

density in an atom or molecule is actually uniform. 

 

The solution to this problem recognizes that the density is changing locally and uses the 

gradient of the density. This correction to the LDA uses an expansion similar to a Taylor 

expansion then and as a result the density is not dependent on a single position. However, the 

first derivative of a function at a single point is local. In the literature this approach is referred to 

as the generalized gradient approximation (GGA).
10

 There are various types of GGA exchange 

functionals such as the Becke functional, B, which uses an empirical parameter which was 

optimized using exactly known exchange energies.
11

 The Perdew Burke Ernzerhof (PBE) 

exchange functional was developed using rational function expansions of the reduced gradient 

and contains no empirical parameters.
10

 Correlation functionals usually correct the correlation 

energy density by adding a correction to the LDA correlation energy. The Lee Yang Parr (LYP) 

GGA correlation functional is unique in that it calculates the correction of the total correlation 

energy density as opposed to a correction to the LDA.
12

 There are numerous methods used to 

optimize exchange correlation functionals. 

 

2.4.1 Meta Density Functionals 

The next step considers the second derivative of the density. These functionals are 

referred to as meta-GGA functionals.
1
 The second derivative of density involves the calculation 

of the Laplacian of density which is inefficient. A better approach makes the exchange-

correlation functional dependent on the kinetic energy density. Some exchange-correlation 
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functionals take into consideration both approaches but a large majority of developers ignore the 

Laplacian in their functional in order in order to achieve similar accuracy without being 

computationally inefficient compared to GGA.
1,13 

 

2.4.2 Hybrid and Double Hybrid Density Functionals 

The Hellmann-Feynman theorem is a useful tool in order to explain the origins of 

Hartree-Fock exchange in DFT, where 

 𝐸𝑋𝐶 =   Ψ(𝜆) 𝑉𝑋𝐶(𝑉) Ψ(𝜆) 𝑑𝜆
1

0

 (2.16)  

In equation (2.16), 𝜆 represents the magnitude of the electron-electron interaction from no 

interaction to full interaction.
1
 When there is no interaction, the HF exchange operator can be 

used and this allows us to solve this equation using HF calculations and Kohn-Sham orbitals. If 

there is interaction the problem becomes more difficult to solve.  

 

The expectation value of the fully interacting system is a fraction, a, of the exchange-

correlation energy calculated by a particular DFT functional corrected for the HF exchange 

already calculated for the non-interacting system. A more common way to show this is: 

 𝐸𝑋𝐶 =  1 − 𝑎 𝐸𝑋𝐶
𝐷𝐹𝑇 + 𝑎𝐸𝑋

𝐻𝐹  (2.17)  

Where a is an empirical constant that needs to be optimized.Some correlation functionals include 

a correlation term that is calculated as some fraction of an MP2-like term.
14

 This approach is 

called a double hybrid functional as it incorporates both HF exchange and MP2 correlation into 
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the calculation. The reason for using a MP2-like calculation is that it addresses electron 

correlation more correctly than traditional DFT and HF appraoches. The incorporation of this 

extra correlation term increases the computational demands of the functional. 

 

2.4.3 Minnesota Density Functional Methods 

The M06 and M06-2X functionals were designed to correct the shortfalls of density 

functional theory by optimizing a number of empirical parameters. In modeling the functional 29 

databases were used.
13

 To overcome the local nature of DFT methods HF exchange is introduced 

to better predict weak interactions by more accurately expressing the kinetic energy correction. 

The M06 and M06-02X functionals depend on spin density, reduced spin density gradient and 

spin kinetic energy density. The spin kinetic energy density, 𝜏, is an expression of the second 

derivative of density and can result in the omission of the Laplacian.  

𝜏𝜍 =
1

2
  ∇Ψ𝑖𝜍  2

𝑜𝑐𝑐𝑢𝑝

𝑖

 (2.18)  𝑥𝜍 =
 ∇ρ

σ
 

𝜌𝜍

4
3

 (2.19)  

In equations (2.18) and (2.19) the sigma subscript incorporates electron angular 

momentum. The reduced spin gradient is the first derivative of the density and can be expressed 

as a function of density. The M06 and M06-2X functionals use a similar architecture to that of 

other Minnesota functionals such as a working variable, 𝑧𝜍 , two working functions 𝛾 and , and 

an empirical constant CF.
13,15 

𝑧𝜍 =
2𝜏𝜍

𝜌𝜍
5/3

− 𝐶𝐹
 

(2.20)  𝐶𝐹 =
3

5
 6𝜋2 

2
3  (2.21)  

𝛾 𝑥𝜍 , 𝑧𝜍  

= 1 + 𝛼 𝑥𝜍
2 + 𝑧𝜍  

(2.22)  
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 𝑥𝜍 , 𝑧𝜍 =  
𝑑0

𝛾 𝑥𝜍 , 𝑧𝜍 
+

𝑑1𝑥𝜍
2 + 𝑑2𝑧𝜍

𝛾𝜍
2 𝑥𝜍 , 𝑧𝜍 

+
𝑑3𝑥𝜍

4 + 𝑑4𝑥𝜍
2𝑧𝜍 + 𝑑5𝑧𝜍

2

𝛾𝜍
3 𝑥𝜍 , 𝑧𝜍 

  (2.23)  

The M06 and M06-2X exchange functionals are a linear combination of their 

counterparts in the M05 and VSXC exchange functionals and are given by: 

 𝐸𝑋 =   𝑑𝑟 𝐹𝑋𝜍
𝑃𝐵𝐸 𝜌𝜍 , ∇𝜌𝜍 𝑓 𝑤𝜍 + 휀𝑋𝜍

𝐿𝑆𝐷𝐴𝑋 𝑥𝜍 , 𝑧𝜍  

𝜍

 (2.24)  

The term 휀𝑋𝜍
𝐿𝑆𝐷𝐴  in equation (2.24) is the local spin density approximation for the exchange 

functional, 𝑓 𝑤𝜍  is the spin kinetic energy density enhancement factor, and 𝐹𝑋𝜍
𝑃𝐵𝐸 𝜌𝜍 , ∇𝜌𝜍  is 

the density of the PBE exchange functional.
13

 The correlation functional is composed of two 

different functionals for the opposite spin and parallel spins cases as seen in equations (2.25) and 

(2.26) respectively. 

 𝐸𝐶
𝛼𝛽

=  𝑒𝛼𝛽
𝑈𝐸𝐺  𝑔𝛼𝛽  𝑥𝛼 , 𝑥𝛽 + 𝛼𝛽 (𝑥𝛼𝛽 , 𝑧𝛼𝛽 ) 𝑑𝑟 (2.25)  

 
𝐸𝐶

𝜍𝜍 =  𝑒𝜍𝜍
𝑈𝐸𝐺  𝑔𝜍𝜍  𝑥𝜍 + 𝜍𝜍 (𝑥𝜍 , 𝑧𝜍) 𝐷𝜍𝑑𝑟 (2.26)  

The terms 𝑔𝛼𝛽  𝑥𝛼 , 𝑥𝛽  and 𝑔𝜍𝜍  𝑥𝜍  are functions incorporating more empirical 

parameters required for the parameterization of the functional. 𝜍𝜍 (𝑥𝜍 , 𝑧𝜍) is a working function 

defined in equation (14), and 𝐷𝜍  is the self interaction correction factor.
16

 The spin dependent 

correlation energy density, 𝑒𝜍𝜍
𝑈𝐸𝐺 , is that of the uniform electron gas, i.e. the LSDA.  The final 

correlation energy of the M06 functional is the addition of the three different possible spin 

combinations as shown in equation (2.27).  

 𝐸𝐶
𝐷𝐹𝑇 = 𝐸𝐶

𝛼𝛽
+ 𝐸𝐶

𝛼𝛼 + 𝐸𝐶
𝛽𝛽

 (2.27)  
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The M06 and M06-2X functionals incorporate Hartree-Fock to increase accuracy by 

optimizing the parameter X, Hartree-Fock exchange, based on other empirical parameters. The 

exchange correlation functional including Hartree-Fock exchange can be simply written as: 

 𝐸𝑋𝐶 =
𝑋

100
𝐸𝑋

𝐻𝐹 +  1 −
𝑋

100
 𝐸𝑋

𝐷𝐹𝑇 + 𝐸𝐶
𝐷𝐹𝑇  (2.28)  

 

2.4.4 Empirical Correction for Dispersion 

Another approach to address the problem of accurately describing long-range interactions 

and dispersion in DFT is to add an empirical correction. In this method the DFT calculation is 

carried out and after it is complete an empirical dispersion correction is added.
14

 The most 

widely used empirical dispersion correction is that of Grimme.
16-18

 The third and most recent 

version of Grimme’s correction, D3, has less dependence on empirical parameters as the most 

important parameters are calculated using standard time dependent-DFT.
17

 The correction is 

added after the energy is optimized. The alternative to this approach is to include the dispersion 

correction in each step of the SCF procedure. However, this method has not been exploited as it 

is deemed to be more computationally demanding than the perturbative approach and only 

provides limited improvement in accuracy.  

 

In equation (2.29) 𝐸𝐾𝑆−𝐷𝐹𝑇  is the calculated DFT energy, and 𝐸𝑑𝑖𝑠𝑝  is the empirical 

correction to dispersion based on contribution of the two, 𝐸 2 , and three body energies, 𝐸 3 . 

𝐸𝐷𝐹𝑇−𝐷3 = 𝐸𝐾𝑆−𝐷𝐹𝑇 − 𝐸𝑑𝑖𝑠𝑝  (2.29)  𝐸𝑑𝑖𝑠𝑝 = 𝐸 2 + 𝐸 3  (2.30)  
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 𝐸(2) =   𝑠𝑛

𝐶𝑛
𝐴𝐵

𝑟𝐴𝐵
𝑛 𝑓𝑑 ,𝑛(𝑟𝐴𝐵)

𝑛=6,8,10…

 

𝐴𝐷

 (2.31)  

Where 𝐶𝑛
𝐴𝐵  in equation (2.31) is the isotropic nth order dispersion coefficient for the paired 

atoms AB and 𝑟𝐴𝐵  is the internuclear distance between them. The term 𝑠𝑛 is a scaling factor 

which is optimized in order to provide asymptotic exactness. In order to avoid the 𝑟𝐴𝐵
𝑛 term 

becoming troublesome at short distances and double counting of correlation effects at medium 

distances a damping function 𝑓𝑑 ,𝑛 is used.
17

 The damping function is 

 
𝑓𝑑 ,𝑛 𝑟𝐴𝐵 =

1

1 + 6  
𝑟𝐴𝐵

𝑠𝑟 ,𝑛𝑅0
𝐴𝐵 

−𝛼𝑛
 

(2.32)  

In equation (2.32) an order dependent scaling factor, 𝑠𝑟 ,𝑛 , cutoff radii, 𝑅0
𝐴𝐵 , and the 

steepness factor, 𝛼𝑛 , are used to determine the damping function. Only the 𝑠𝑟 ,6 parameter is 

optimized using the least squares method while the 𝑠𝑟 ,8 and 𝛼𝑛  parameters are manually set.
17

 

The 6
th

 order dispersion coefficient, 𝐶6
𝐴𝐵 , is computed using time-dependent DFT and the 

Casimir-Polder equation: 

 𝐶6
𝐴𝐵 =

3

𝜋
 𝜚𝐴 𝑖𝜔 𝜚𝐵 𝑖𝜔 𝑑𝜔

∞

0

 (2.33)  

The 𝜚𝑎𝑡𝑜𝑚  𝑖𝜔  term in equation (233) represents the average dipole polarizability at imaginary 

frequency 𝜔.
17

 Higher order dispersion coefficients are calculated using known recursion 

relations of higher-multipole terms.  
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In order to increase the accuracy of the D3 correction the three body term can be 

included. To maximize computational efficiency the three body term dispersion coefficient, 

𝐶9
𝐴𝐵𝐶 , is approximated using two body terms: 

 𝐶9
𝐴𝐵𝐶 ≈ − 𝐶6

𝐴𝐵𝐶6
𝐴𝐶𝐶6

𝐵𝐶  (2.34)  

The three body system has a triangular geometry and the angles between the atoms are identified 

as 𝜃𝑎 ,  𝜃𝑏 , and 𝜃𝑐which are dictated by interatomic distances.
17

 The three body energy term is 

derived from third order perturbation theory and is: 

 𝐸𝐴𝐵𝐶 =
𝐶9

𝐴𝐵𝐶(3𝑐𝑜𝑠𝜃𝑎𝑐𝑜𝑠𝜃𝑏𝑐𝑜𝑠𝜃𝑐 + 1)

(𝑟𝐴𝐵𝑟𝐵𝐶𝑟𝐶𝐴)3
 (2.35)  

The three-body term for the dispersion correction, equation (2.36) uses the same 

approach as the two-body term. A damping function is applied to damp short range interactions 

along with the geometrically averaged radii to add further damping. 

 𝐸(3) =  𝑓𝑑 , 3 (𝑟𝐴𝐵𝐶)𝐸𝐴𝐵𝐶

𝐴𝐵𝐶

 (2.36)  

The three-body correction term is deemed insignificant for molecules consisting of less than 10 

atoms.
17

 It is expected that this term will be very important in large molecules such as polymers 

and biological molecules. This term adds to the computational requirement of the correction by 

an order of magnitude. 

  



28 

2.5 Coupled Cluster Theory 

Coupled Cluster theory is one of the most complete theories as it addresses the short falls 

of other theories and offers an accurate treatment of electron correlation and exchange effects. 

The downside to Møller – Plesset perturbation is that the single determinant Hartree-Fock 

wavefunction used as a reference in it provides inaccurate solutions to energies at lower orders.
19

 

CC theory introduces quadruple excitations when performing CCD calculations. This shows that 

coupled cluster theory is size extensive.
20

 The coupled cluster wavefunction is shown in equation 

(2.37).
21 

 
ΨCC = exp T  Φ0 =  1 + T +

1

2
T 2 +

1

3!
T 3 + ⋯ +

1

n!
T n Φ0 

 

(2.37)  

 T = 𝑇1 + 𝑇2 + 𝑇3 + ⋯ + 𝑇𝑛  (2.38)  

Where T  is the cluster operator and T i is an operator acting on the HF reference wave function 

that generates all i
th

 excited Slater determinants which involve t expansion coefficients known as 

amplitudes.
21 

 
𝑇 1Φ0 =   ti

aΦi
a

vir

a

occ

i

 

 

(2.39)  

In order to better understand where excitations evolve in CC theory we can truncate equations 

(2.37) and (2.38) into: 

 𝑒𝑇 = 1 + 𝑇 1 +  𝑇 2 +
1

2
𝑇 1

2 +  𝑇 3 + 𝑇 2𝑇 1 +
1

6
𝑇 1

3  (2.40)  
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+  𝑇 4 + 𝑇 3𝑇 1 +
1

2
𝑇 2

2 +
1

2
𝑇 2𝑇 1

2 +
1

24
𝑇 1

4 + ⋯ 

The first term generates the reference HF wavefunction, the second term generates the 

singly excited states, the first bracket is where all the doubly excited states are generated, the 

second bracket generates all triple excitations, and the fourth bracket generates all quadruple 

excitations.
1
 The equation shown above is the basis of the CCSD method.

20
 Carrying out a 

CCSDT calculation which includes triple connected excitations is very inefficient as a result it is 

more common to use a perturbation to estimate triples. This method is known as CCSD(T), it has 

been documented that it slightly overestimates the triples correction, however this favourably 

cancels out the omission of quadruple excitations.
21 

 

2.6 Local Pair Natural Orbitals 

Local pair natural orbitals (LPNOs) are used to speed up calculations using post-HF 

methods while using large basis sets. This is because the external space described by these basis 

sets is much larger than the internal space. This causes a great amount of time to be spent 

calculating contractions of the external space.
22

 Using pair natural orbitals (PNOs) each electron 

pair is assessed by the most quickly converging expansion of external orbitals. This rapidly 

converging expansion of external orbitals is by definition dictated by the natural orbitals that are 

specific to that pair. It has been established that approximate PNOs perform almost as well as 

exact PNOs.
23
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The simplest way to construct PNOs is to start from the MP2 amplitudes for a certain 

pair. The use of LPNOs involves replacing the internal energies with the diagonal elements of 

the closed-shell Fock operator.
24

 From the MP2 amplitudes the pair density is calculated which 

provides the MP2-PNOs expanded in terms of virtual MOs. This is achieved by replacing the a,b 

unoccupied orbitals of electrons i,j with a rapidly converging PNO α,β obtained from the 

eigenvectors of a one-electron density matrix of the electron pair i,j.
24

 Another benefit of this 

approximation is that virtual orbitals can be back expanded in terms of PNOs. 

 

2.7 Parameterized Coupled Cluster Theory 

Coupled cluster theory has many advantages such as being exact for two electron 

systems, size consistent and extensive, and orbital invariant.
21

 CCSD calculations on larger 

molecules involves a great deal of computing power and time. Neese et al. revitalized interest in 

the use of local pair natural orbitals (LPNO) along with CCSD theory to make it possible to 

calculate the energies of larger molecules with much less computing power and time.
24

 

Huntington and Nooijen proposed the parameterization of the CCSD method, where there are 

three empirical parameters that do not affect any of the benefits of coupled cluster theory yet 

present a means to increase the accuracy of CCSD without sacrificing efficiency.
25 

 

Arbitrary parameters α and β are introduced into the four individual contributions to the 

1

2
𝑇 2

2 term.  A third parameter γ is multiplied by the summation of the singles residual terms.
26

 

Coupling the ability to adjust these terms with the efficiency of LPNO methods it is possible 
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achieve a method that is closer to the accuracy of CCSD(T) while having the efficiency of 

LPNO-CCSD. The efficiency of this method can further be increased by the choice of basis set, 

Neese has created auxiliary variants of the popular def2 basis sets developed by Weigand and 

Ahlrichs which are fitted for correlation.
27 

 

2.8 Basis Sets 

A basis set is a set of functions used to describe the wavefunction or density. A molecular 

orbital (MO) is described as a linear combination of basis functions. The coefficients of the 

atomic orbital (AO) basis functions that make up a MO are determined using the iterative self 

consistent field method (SCF).
28

 The SCF is based on the fact that 𝜌 is determined as  𝜓 2 which 

is used in the one-electron Hamiltonian. In order to obtain 𝜓 we need to use a 𝜓 which is to be 

determined. The solution was proposed by Hartree in which an estimate for 𝜓 is used to calculate 

𝜌 and this procedure is repeated until the difference in 𝜌 between the current and previous 

iteration is below a threshold (self consistent).
1
 There are two reasonably common ways to 

represent the AO in a basis set. The first are Slater Type Orbitals (STO), which accurately 

describe an atomic orbital not being differentiable at the nucleus and are described using 𝑒−𝑟 . 

These orbitals are computationally demanding to calculate but describe the wavefunction 

accurately. Gaussian type orbitals (GTO) are differentiable at the nucleus and are described by 

𝑒−𝑟2
. GTOs are computationally easier to solve, however they do not provide as accurate a 

description of the wavefunction as STOs.  
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2.8.1 Zeta Basis Sets 

By taking the best of each type of orbital, a system that is computationally efficient and 

correctly represents the wavefunction can be generated. The solution uses a linear combination 

of GTOs to represent the AO.
28

 These orbitals are called contracted GTOs (cGTO) and are 

constructed from primitive GTOs. These orbitals are more similar in shape to STOs but retain the 

computational efficiency of GTOs.  Basis sets are described as multiple zeta, where zeta 

represents the number of GTOs represented in each core and valence orbital. Hence a double zeta 

basis set is constructed from two GTOs. 

 

2.8.2 Split Valence Basis Sets 

To further increase the accuracy of GTOs it is desirable to decontract a basis set by 

representing an AO of double zeta quality with a contracted GTO basis function consisting of 

two primitive GTOs and one primitive normalized GTO.
29

 This does not increase the size of the 

basis set, as you are using what appears to be two GTOs.
1
 However, the secular equation is 

increased due to the extra-information related to the contracted GTO function. Since core 

electrons have little influence on chemical bonding it is better to represent those orbitals as a 

single contracted basis function and expressing the valence electrons by a varying amount of 

functions.  

 

There are two main basis sets that are used in calculations. The first is called a 

segemented contraction which means that the primitives used for one basis function are not used 
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for another of the same angular momentum.
29-30

 The alternative method is a general contraction 

in which a single set of primitives is used in all contracted basis functions, however with 

different coefficients in each basis function. The advantage of general contractions over 

segmented contraction is that integrals which contain the same primitive technically only need to 

be calculated once.
31

 Polarization functions are added to provide more flexibility. This involves 

adding basis functions of higher angular momentum than the valence orbitals. In a simple case, 

Pople added a set of d function to polarize the p functions and a set of p functions to polarize the 

s functions.
32

 Diffuse functions are added to basis sets to correctly calculate molecular properties 

by compensating for weakly bound electrons localizing far from the origin.
33 

 

2.8.3 Effective Core Potentials 

Effective core potentials (ECP) were proposed by Hellmann to replace core electrons 

with analytical functions that would allow for more accurate and efficient calculations.
1
 ECPs 

properly represent Coulomb repulsion effects, adhere to the Pauli Principle, and most 

importantly they can take into consideration relativistic effects. These relativistic effects arise 

from electrons travelling near the speed of light near the nucleus in heavier atoms and would 

require a relativistic Hamiltonian to properly account the effects on chemical properties.  
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2.8.4 Basis Set Superposition Error 

If a finite basis set is used then it is susceptible to basis set superposition error (BSSE). 

BSSE occurs when two interacting molecules approach each other and “borrow” basis functions 

from each other to compensate for the incompleteness of their own basis set.
2
 This causes an 

artificial lowering of the binding energy between two atoms/molecules. Counterpoise correction 

is a method used to correct this by comparing the energies of the two separate molecules with 

unmixed basis set and the mixed basis set. Another way to overcome this error is by using a basis 

set that is nearly complete and the molecules do not need to borrow basis functions.  

 

2.9 Solvation Models 

Most calculations carried out using ab initio methods are carried out in the gas phase. 

When we need to carry out these calculations in a solvent it becomes much more difficult.  

Solvent effects can be classified to into two types, short and long range interactions. Short range 

interactions involve explicitly introducing solvent molecules. This is usually done by using 

molecular dynamic or QM/MM methods, however despite increased computer power these 

calculations are still very time consuming.
34-36 

 

 Long range interactions are modeled by a continuum with the basis of most current 

solvation methods being Self-Consistent Reaction Field. SCRF puts the solute in an appropriate 

shaped cavity in the continuum. The total Gibbs free energy of solvation is the sum of three 

terms. The first term is the the Gibbs free energy that results in the creation of a cavity, the 
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second term is the Gibbs free energy of non-electrostatic interactions such as van der Waals 

interactions, and the electrostatic interactions.
34

  

 

The Polarized Continuum Model of Tomasi et al. extends the SCRF method by using a 

van der Waals surface type cavity, a detailed description of the electrostatic ptotential, and 

adjusts the cavity and dispersion contributions by surface area.
34-36

 This results in electrostatic 

properties between solvent and solute being iteratively determined in the SCF procedure. This 

was the method used in all calculations done in with Gaussian09. The COSMO model is an 

extension of SCRF by representing the electrostatic potential by partial atomic charges.
37

 This is 

the method used for calculation single point energies in solution in the ORCA software 

package.
37 

 

2.10 Programs and Facilities 

Calculations were carried using Gaussian09 Rev.A.02 for the optimization of halogen bonded 

complexes involving DFT methods and using Gaussian09 Rev.C.01 for the optimization of the 

proline-catalyzed asymmetric aldol reaction in the gas phase, DMSO, and H2O.
38

 The Gaussian 

calculations were carried out on the orca and saw clusters of SHARCNET. Molpro Rev.2009 

was used to optimize halogen bonded complexes at the MP2 and CCSD(T) levels. These 

calculations were carried out on the thooft cluster of the Nooijen group.
39

 ORCA v2.9 was used 

to calculate the LPNO-pCCSD/Ia and LPNO-pCCSD/IIa energies of the proline-catalyzed 

asymmetric aldol reaction in gas phase, DMSO, and H2O. The ORCA calculations were carried 

out on the orca cluster of SHARCNET and the thooft cluster of the Nooijen group. The EMSL 
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database was used to obtain the most up to date def2-TZVP and def2-QZVP basis sets to be used 

in the Gaussian and MOLPRO programs.
18

 Certain examples of halogen bonded complexes and 

densities were analyzed using Molekel 5.4.
40 

 

2.10.1  Gaussian09
38 

Gaussian09 is the current iteration of the computational chemistry software initiated by Pople. It 

is the most popular and supported software package enabling problems to be resolved or 

acknowledged in a relatively quicker manner. Implementation of newer methods other than DFT 

methods is difficult and many electronic structure programs are being developed. The 

Gaussview5 suite is used to visually analyze outputs and is very useful and the most intuitive of 

the graphic user interface used to analyze computational results. 

 

2.10.2  ACES II
41 

Aces II (Advanced Concepts in Electronic Structure Theory) is a computational package which 

is focused on many-body perturbation theory especially coupled cluster techniques. This 

program package was developed by the Quantum Theory Project group of R. Bartlett at the 

University of Florida. In our assessment of this program as a possible candidate for CCSD(T) 

calculations it was found that the memory management module did not work correctly/efficiently 

when ECPs and heavy halogens were used. Compared to Gaussian the creation of input files 

requires are good understanding of programming and how modules interact with each other. A 
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new version of this software, ACES III, has been released; however there was too little 

documentation to use it for productive calculations. 

 

2.10.3  CFOUR
42 

The next logical program to use was CFOUR, developed by J. Stanton and J. Gauss, who were 

the post-docs responsible for writing many of the modules for ACES II. The CFOUR program 

shares a focus with ACES II on many-body perturbation theory. It has a better memory 

management system then ACES II in regards to the problem of ECPs and heavy halogen 

CCSD(T) calculations. The main pitfall of the CFOUR when used to optimize complexes using 

CCSD(T) is that it requires a great deal of manual input and control of the optimization as the 

logic of the program is unable to handle geometries with dihedral angles of 180.0
o
. Input files are 

recommended to be in ZMAT format as the program seems to fail often when optimizing in 

Cartesian coordinates. 

 

2.10.4  MOLPRO
39 

This software package is focused on performing highly accurate calculations using MBPT for 

larger systems then its competitors. It was developed by P. Knowles and H.J. Werner, however a 

great number of modules are contributed by other parties making the program nearly open 

source. The program input structure is quite complex and requires good programming knowledge 

and assessment of the software manual prior to use. It is able to carry out highly accurate 
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calculations due to the logic of the program being matrix driven as opposed to vector driven like 

Gaussian and ACES II. 

2.10.5  ORCA 

The ORCA software package is much newer than the previous software packages discussed. It 

was developed by F. Neese and his collaborators to focus on spectroscopic properties of open 

shell molecules. Despite the program being early in its development it has taken the better 

aspects of older programs and implemented them to work more efficiently. The optimization 

module of ORCA is able to accept both Cartesian and ZMAT coordinates without a problem. 

ORCA and ACES II are the only programs that have LPNO-pCCSD implemented, however 

ORCA has a better memory management system and is able to perform solvent calculations 

using the COSMO package. 

 



 
 

Table 2.1  The single point total energies (Hartrees) of the I
-
 atom calculated by Hartree-Fock, MP2, and CCSD(T) 

coupled with the def2-TZVP basis set using 5 different ab initio programs. An effective core potential was used 

in these calculations. 

 Single Point Energy (a.u.) 

Method 
Gaussion09 Rev 

C.01 

Gaussian09 Rev 

A.02 
ACES II CFOUR MOLPRO ORCA 

Hartree-Fock -296.740674 -296.740674 -296.740674 -296.740674 -296.740674 -296.740674 

MP2 -297.240981 -297.328930 -296.328930 -296.328930 -296.884125 -296.884125 

CCSD(T) -297.222932 -297.308047 -297.308047 -297.308047 -296.904434 -296.904433 

 

Table 2.2 The single point total energies (Hartrees) of HCN calculated by Hartree-Fock, MP2, and CCSD(T) coupled with 

the def2-TZVP basis set using 5 different ab initio programs. 

 Single Point Energy (a.u.) 

Method 
Gaussion09 Rev 

C.01 

Gaussian09 Rev 

A.02 
ACES II CFOUR MOLPRO ORCA 

Hartree-Fock -92.912090 -92.912090 -92.912090 -92.912090 -92.912090 -92.912090 

MP2 -93.252646 -93.252646 -93.252646 -93.252646 -93.252646 -93.252646 

CCSD(T) -93.275101 -93.275101 -93.275101 -93.275101 -93.275101 -93.275101 

3
9
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2.10.6 Choosing a Program 

 Prior to choosing a program to carry out the CCSD(T) optimizations six different 

programs were assessed in their efficiency. It became clear when calculating the energies of I
-
 at 

the CCSD(T)/def2-TZVP level, using a ECP for iodine, that all programs presented the same 

single point energies as seen in Table 2.1. At first the ACES II and CFOUR programs did not 

agree with Gaussian09 Rev.A.02 MP2 and CCSD(T), however after assessment of the output 

files it became evident that ACES II and CFOUR exclude MOs in order to speed up the 

calculation. After telling the programs to stop dropping MOs all three programs were found to 

calculate single point energies of I
-
 in agreement. ORCA and MOLPRO both calculated the same 

single point energy for I
-
. It is higher than that of the latter three programs because MOs are 

excluded in order to speed up the calculation. Since this trend was common among many 

programs we chose to use MOLPRO due to it being quicker then all other programs and offering 

a much better structure optimization module.  

 

The I
-
 single point energy calculated using Gaussian09 Rev.C.01 was different from all 

other programs. The energy was higher than that of the previous revision. It is suggested that this 

deviation occurs because the developers attempted to make Gaussian more efficient dealing with 

ECP’s. In order to verify that this phenomenon only occurred in calculations involving ECP’s we 

performed single point calculations on HCN using the six programs and found all to produce the 

same energy. 
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Chapter 3: 

Halogen Bonding 
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3.1  Introduction 

Intermolecular interactions are important to the structure and function of many 

molecules. Hydrogen bonds have been established to be a major contributor to the stabilization 

of crystal structures and chemical processes.
1-3,5,10

 Recently there has been a greater interest in 

competing intermolecular interactions and a renaissance of interest in halogen bonds.
1-14

 This 

non-covalent interaction is important in determining the spectroscopic, magnetic, and electronic 

properties of organic materials.
7,15

 The chief intermolecular interactions of interest are hydrogen 

bonds, halogen bonds, and 𝜋- 𝜋 stacking. Hydrogen bonding has been extensively studied and 

documented which has led to a set of empirical rules to determine the order of bond strengths.
4
 

With the advent of a greater interest in halogen bonds, systems where there are more than one 

type of intermolecular interactions competing with one another have become the object of 

studies.
2, 13 

There are five main contributions to halogen bonding: electrostatic interactions, 

polarization, dispersion, exchange repulsion, and most importantly charge transfer. The 

electrostatic interaction term refers to the valence electrons moving at slower velocities for larger 

atoms than the valence electrons for small atoms. Polarization is dispersion of the electron 

density due to intramolecular effects while dispersion refers to altering of the electron cloud due 

to intermolecular effects. Exchange repulsion refers to the electrons appearing farther apart due 

to quantum effects and causing the interaction energy of the two electrons be less. Charge 

transfer occurs due to the to the stabilization of the positive dipole through the attraction of a 

negative dipole on a halogen bond acceptor. Halogen bonds are heavily influenced by the 

substituent groups surrounding the halogen and by the type of halogen.
10

 The ability to form 

halogen bonds comes from the relatively weakly bound nature of the valence electrons of heavier 
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halogens and the anisotropy of electrons in these diffuse orbitals. Through the addition of 

electron withdrawing groups to the molecule containing the halide the polar region of the halide 

is positive through a depletion of electron density.
16

 In Figure 3.1, the polar region of all 

molecules except isotropic CF4 has a positive electrostatic potential while the equatorial region 

has a negative electrostatic potential.  

 

 

Figure 3.1 The molecular electrostatic potentials of CF4, CF3Cl, CF3Br, and CF3I in Hartree 

at the 0.001 electrons Bohr
-3

 iso-density using the Molekel visualization package.
7 

 

Fluorine is not a good halogen bond donor due to its compact electronic structure. 

However this makes fluorine a candidate as a halogen bond acceptor. The strength of halogen 

bonds of chlorine, bromine, and iodine is determined by the weakly bound nature of their 

valence electrons. Iodine is the best halogen bond donor if all other variables are kept constant, 

such as the geometry and molecular backbone. This can be seen in Figure 3.1, as iodine has the 

largest positive electrostatic potential in the polar region. The strength of the halogen bonds in an 

equivalent chemical environment is iodine > bromine > chlorine. Halogen acceptors are usually 

electronegative atoms such as nitrogen, oxygen, fluorine, and sulfur.
10

 Halogen bonds can also 

be formed with the 𝜋 orbitals in double and triple bonds in molecules such as ethylene and 
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acetylene.
6
 The strengths of halogen bonds also vary due to their geometrical coordination. Three 

different types of halogen bonds are shown in Figure 3.2.  

 

Figure 3.2 Three different schemes for halogen bonding varying in their orientation and 

substituents. X represents the halogen bond donor and Y represents different 

halogen bond acceptors. R and R’ represent functional groups associated with the 

donor and acceptor.
3
 

 

As stated before older DFT methods do not accurately describe medium distance 

intermolecular interactions. The creation of new density functionals such as M06-2X and 

ωB97XD predicts more accurate dissociation energies of these weakly interacting complexes. In 

order to verify their utility we benchmarked the M06-2X, ωB97XD, B97D, and MP2 methods 

combined with cc-pVTZ, LANL2DZ, def2-TZVP, and 6-311G++(2d,2p) basis sets against the 

W1 energies of the CT7/04 database.
6
 These methods and basis sets were chosen with the end 

goal of modeling halogen bonds involving the heavier halogens iodine and bromine and the 

proline-catalyzed asymmetric aldol reaction using halogen bonding for selectivity. As a result the 

size and complexity of the methods and basis sets was limited despite the database consisting of 

fairly small systems. The cc-pVTZ and 6-311G++(2d,2p) basis sets did not incorporate ECPs 

and the LANL2DZ and def2-TZVP basis sets do. When we scaled up to modeling iodine and 

bromine halogen bonded complexes if the LANL2DZ and def2-TZVP basis sets were not the 

most accurate, the more accurate basis sets ECPs would be used. An analysis of the time required 

to perform an optimization of each complex using each method/basis set combination was 

carried out to evaluate the computational efficiency. 
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Once the results of the benchmarking of the CT7/04 were complete the the three best 

method/basis set combinations were used to analyze a newly proposed benchmark database 

consisting of 77 halogen bonded complexes optimized at the CCSD(T)/def2-TZVP level. This 

database was called Hal77/12 and consisted of the halogen bond donors I2, ICl, IBr, IF, Br2, 

BrCl, and BrF. The iodine and bromine atoms underwent halogen bonding. This choice of 

donors mimics a large gamut of possible molecular environments for iodine or bromine. The 

greater the difference in electronegativity due to the non-donor halogen results in a larger sigma-

hole on the donor bromine and iodine, which is a major contributor to halogen bonding. The 

sigma hole is an area of positive charge on the polar region of the halogen donor created due to 

electron withdrawing effects by other atoms of the molecule. The halogen bond acceptors of the 

Hal77/12 database are NH3, H2O, C2H4, C2H2, HCN, CH2O, CH2S, CH2NH, CH2PH, PH3, and 

SH2. These were chosen as the most common atoms or π-bonds to be encountered in organic 

molecules that could act as halogen bond acceptors. The best method/basis set combinations for 

benchmarking of the CT7/04 were the combinations M06-2X/def2-TZVP, ωB97XD/def2-TZVP, 

and MP2/def2-TZVP. In addition to these methods to be benchmarked against the Hal77/12 

database the M06-2X and ωB97XD were coupled with the larger def2-QZVP basis set to 

investigate basis set effects. The optimized DFT and MP2 halogen bond lengths were compared 

to the Hal77/12 halogen bond length to analyze the feasibility of carrying out DFT/CC 

combinations for the optimization and single point energies of these compounds. The analyses 

carried out in this study lead to clear conclusions. 

 

3.2  Computational Details 
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Geometry optimizations of the CT7/04 database using M06-2X, ωB97XD, B97D, and 

MP2 combined with cc-pVTZ, LANL2DZ, def2-TZVP, and 6-311G++(2d,2p) basis sets were 

carried out using Gaussian09 A.02 on the orca cluster of SHARCNET.
16

 The output of these 

optimizations was analyzed using Gaussview5. The optimizations of the Hal77/12 database using 

M06-2X/def2-TZVP, M06-2X/def2-QZVP, ωB97XD/def2-TZVP, and ωB97XD/def2-QZVP 

were carried out using Gaussian09 B.01 on the orca cluster of SHARCNET.
17

 MP2/def2-TZVP 

and CCSD(T)/def2-TZVP optimizations were carried out using the Molpro 2009 suite on the 

thooft cluster of the Nooijen group.
18

  These optimized Cartesian coordinates were analyzed 

using Gaussview09.
17

 Due to the def2-TZVP and especially the def2-QZVP basis sets being 

close to the basis set limit of the basis set superposition error can be ignored. 

 

3.3  CT7/04 Database 

The CT7/04 database was created by Zhao and Truhlar to assess the ability of their Minnesota 

density functionals in modeling charge transfer interactions.
6
 They used the W1 method 

developed by Martin et al. to determine the reference energies for the complexes.
19

 The database 

consists of the seven complexes, H4C2 – F2, H3N – F2, H2C2 – ClF, HCN – ClF, H3N – Cl2, H2O – 

ClF, and H3N – ClF. Four methods, M06-2X, ωB97XD, B97D, and MP2, and four basis sets, cc-

pVTZ, LANL2DZ, def2-TZVP, and 6-311G++(2d,2p) were benchmarked against dissociation 

energies of the CT7/04 database. The dissociation energies for the complexes can be found in 

Appendix A and the absolute deviation in dissociation energy from the W1 method can be found 

in Appendix B. 
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3.3.1 H4C2 – F2 Complex 

 The weakest halogen bond occurs between C2H4 and F2, 4.44 kJ/mol, which can be 

attributed to there being no electronegativity difference between the two atoms of the halogen 

diatomic and that fluorine is not very polarizable. The negative dipole on the double bond in 

ethylene is very broad with a very small electrostatic gradient and weak in providing a 

coordination site for the fluorine donor. In the case of H4C2 – F2, seen in Table A.1, MP2/cc-

pVTZ predicts the dissociation energy to be only 0.57 kJ/mol. There is barely any interaction 

between the two species. The B97D method predicts that the two complexes show a strong 

interaction with a dissociation energy of 56.77 kJ/mol when coupled with the LANL2DZ basis 

set. The lowest predicted dissociation energy of B97D combined with cc-pVTZ is 27.02 kJ/mol 

which is still much larger than the W1 value of 4.44 kJ/mol. The LANL2DZ basis set over 

estimates the dissociation energies although to a lesser extent than B97D as seen Table A.1. 

Energies predicted by the M06-2X, ωB97XD, and MP2 are approximately 10 kJ/mol. The 

LANL2DZ basis set is a double zeta basis set which lacks the polarization functions necessary to 

correctly describe non-covalent interactions.  

 

With the exception of the LANL2DZ basis set M06-2X and ωB97XD show good 

agreement with the W1 dissociation energy. The only anomaly in Table A.1 is the dissociation 

energy predicted by MP2/6-311G++(2d,2p) which is 19.97 kJ/mol. It is most likely due to the 

Pople basis set being created to work better with HF and DFT calculations. The rather simple 

treatment of electron correlation by MP2 makes it difficult to accurately predict such a small 

interaction energy. In Table B.1 it is seen that the method predicting the energy closest to the W1 
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value is ωB97XD/6-311++G(2d,2p) with an error of 0.34 kJ/mol. The next best combination is 

M06-2X/def2-TZVP with an error of 0.45 kJ/mol. The worst method combination for the first 

complex, in Table 2.1, is B97D/LANL2DZ with an error of 52.33 kJ/mol. 

 

3.3.2 H3N – F2 Complex 

 For the complex H3N – F2 the trend with B97D predicts very large dissociation energy 

continues regardless of the basis set used. The MP2/6-311G++(2d,2p) energy underestimates the 

W1 dissociation energy. The dissociation energy of this complex is larger than that of H4C2 – F2 

due to the nitrogen lone pair MO being relatively delocalized and directional allowing it to cause 

greater repulsion of the fluorine valence electrons. The LANL2DZ basis set for this complex 

continues to yield dissociation energy greater than the reference value. The B97D/LANL2DZ 

dissociation energy is 92.05 kJ/mol, as seen in Table A.2. This is an error of 84.48 kJ/mol from 

the reference dissociation energy of 7.57 kJ/mol. The most accurate method as seen in Table B.2 

is ωB97XD/cc-pVTZ with an error of 0.14 kJ/mol which is better than the next smallest error of 

0.42 kJ/mol determined by M06-2X/def2-TZVP.  

 

3.3.3 H2C2 – ClF Complex 

In the case of the third complex, H2C2 – ClF, the dissociation energies predicted by the 

B97D method and the LANL2DZ basis set are closer to the W1 value except when used 

together. The error as seen in Table A.3 is 15.17 kJ/mol. The best method/basis set combination 

is ωB97XD/def2-TZVP with an energy of 15.17 kJ/mol, as seen in Table A.3, which is only 0.78 
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kJ/mol less than the reference dissociation energy of 15.94 kJ/mol. The strength of this 

interaction arises from the difference in electronegativities of the two atoms in the halogen 

diatomic. The fluorine which is more electronegative pulls electron density from the chlorine 

creating a small sigma hole. The increased electron density of the triple bond in the acetylene is 

able to repel the more weakly bound chlorine valence electrons. For this complex the ωB97XD 

and MP2 methods at optimized geometries the structure predict dissociation energies that are 

closest to the reference value, as seen in Table B.3, with M06-2X is also close. The cc-pVTZ and 

de2-TZVP basis sets produce dissociation energies are closest to the reference value.  

 

3.3.4 HCN – ClF Complex 

Since this complex contains a halogen and a nitrogen as halogen bond acceptor it would 

be assumed that this interaction would be stronger than 20.33 kJ/mol. The reason for the 

relatively weak nature of this interaction is the s-character of the lone pair of electrons on 

nitrogen of hydrogen cyanide is not as able to repel the valence electrons of chlorine as well as a 

delocalized lone electron pair in ammonia. The most accurate method/basis set combination is 

M06-2X/def2-TZVP which predicts an energy of 21.02 kJ/mol, as seen in Table A.4. The next 

best method is M06-2X/cc-pVTZ which is 0.90 kJ/mol away from the reference value, as seen in 

Table 2.4. The LANL2DZ basis set continues to predict energies much higher than the reference 

value especially when combined with M06-2X. The error is 9.70 kJ/mol which is not far from 

that of the B97D/LANL2DZ basis set which has an error of 9.52 kJ/mol. All methods produce 

results that do not deviate greatly from the reference value except when coupled with the 

LANL2DZ basis set as seen in Table B.4.  
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3.3.5 H3N – Cl2 Complex 

This complex shows the ability of the electron lone pair of nitrogen in a sp
3
 hybridization 

to repel the valence electrons in a isoelectronegative halogen diatomic. The chlorine molecule 

does not have the electronegativity difference to create a sigmahole. The interaction is driven by 

dispersion and charge transfer by the ammonia. The greater amount of electron correlation 

involved in these calculations results in all methods predict higher energies than the reference 

value as seen in Table B.5. The method basis/set combination that predicts a dissociation energy 

closest to the W1 value of 20.42 kJ/mol is MP2/def2-TZVP which predicts an energy of 23.14 

kJ/mol as seen in Table A.5. The next best combination is ωB97XD/def2-TZVP which differs 

from the reference value by 2.86 kJ/mol. The B97D predicts largely overestimates the 

dissociation energy of the complex by 71.30 kJ/mol when coupled with LANL2DZ basis set. The 

LANL2DZ basis set deviates greatly from the reference value when combined with each method 

with the extreme being stated above and minimum deviation being 21.77 kJ/mol, with MP2, 

which is still quite large. 

 

3.3.6 H2O – ClF Complex 

Water is unable to form halogen bonds as strong as ammonia due to the more s character 

of the lone pairs of oxygen which are unable to repel the chlorine valence electrons as well as 

ammonia. The first lone pair is highly localized on the oxygen and the second lone pair is more 

delocalized than then first lone pair. However, it is not as delocalized and directional as the lone 

pair MO in ammonia. The closest predicted energy to the reference dissociation energy of 22.42 
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kJ/mol is 24.20 kJ/mol, as seen in Table A.6, which is calculated by MP2/def2-TZVP. The 

second most accurate combination is ωB97XD/def2-TZVP which differs from the W1 value by 

2.22 kJ/mol as seen in Table B.6. The B97D method does a better job of predicting the 

dissociation with the greatest error being 25.07 kJ/mol when coupled with LANL2DZ, which is 

still high but much better than 71.30 kJ/mol in the previous complex. With the three remaining 

basis sets the error of B97D averages 8.91 kJ/mol with a minimum error of 7.38 kJ/mol and a 

maximum of 10.61 kJ/mol. The LANL2DZ basis continues to be the worst at predicting the 

dissociation energy no matter with what method it is combined. The most accurate method is 

MP2 followed by ωB97XD and then M06-2X. The best basis set is the def2-TZVP based on the 

absolute deviations from the W1 dissociation energy seen in Table B.6. 

 

3.3.7 H3N – ClF Complex 

The strongest interaction in the CT7/04 database is that of NH3 with ClF, which has a W1 

dissociation energy of 44.43 kJ/mol. This strength can be attributed to the ClF molecule having 

the greatest electronegativity difference in the halogen diatomics. This causes as small sigma 

hole on the chlorine which is further repelled by the delocalized lone pair of the nitrogen. The 

balance of the dispersion and the stabilization of the positive dipole on the chlorine by the 

negative dipole of the nitrogen leads to the halogen bond of this complex. The most accurate 

method is M06-2X/def2-TZVP which predicts a dissociation energy of 45.41 kJ/mol and is 

followed by M06-2X/cc-pVTZ which predicts and energy of 46.49 kJ/mol as seen in Table A.7. 

The least accurate method is B97D/LANL2DZ, which is attributed to the double-zeta size of the 

basis set, and results in an error of 55.09 kJ/mol from the W1 value as seen Table B.7. Ignoring 
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the LANL2DZ value, the M06-2X/6-311G++(2d,2p) is the best method by differing by 4.57 

kJ/mol from the W1 value compared to 9.14 kJ/mol of ωB97XD/6-311G++(2d,2p) and 7.31 

kJ/mol optimized by MP2/6-311G++/def2-TZVP. 

 

3.3.8 Analysis of Timing 

When considering which method/basis set combinations perform the best against the 

CT7/04 database it important to consider the time required to carry out the calculation. A method 

can be very accurate however if it cannot complete a calculation in a timely manner it is less 

useful. The times required for each calculation of the sixteen method/basis set combinations are 

seen in Tables C.1 to C.7. All complexes were optimized from the same initial geometry. The 

geometry optimizations that took the longest were those of H4C2 – F2 and H2C2 – ClF with 

MP2/cc-pVTZ requiring 94.44 min and 297.32 min to converge respectively. This is a much 

longer time than any of the other complexes due to the complicated nature of the optimization, in 

the other cases you have a much more localized dipole stabilizes the halogen bond.  

 

The double and triple π bond electrons are found in an elongated MO which results in the 

halogen not being able to interact strongly with the π-system. There is a great deal of electron 

repulsion because as the closer a halogen bond donor gets to the π-system the greater the electron 

repulsion, limiting the strength. This leads the geometry optimization algorithm to have a 

difficult time in converging to a minimum . If these two complexes are omitted it can be seen 

that MP2 is actually faster than the two newer DFT methods. All optimizations carried out that 

involved the LANLDZ basis set were carried out very quickly due to the small size of the basis 
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set. The cc-pVTZ basis set only was marginally slower than the 6-311G++(2d,2p) and def2-

TZVP basis sets which required a similar amount of time to optimize. The B97D method was the 

quickest of the methods which can be attributed due to not being as heavily parameterized or 

complex as the other DFT methods.
20

 The slowest method is ωB97XD due to the post-SCF 

correction to the energy required. By combining this timing information together with the 

dissociation energies we can summarize trends and come to a clear conclusion on which methods 

and basis sets to use. 
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Table 3.1 Mean absolute deviation in the dissociation energies of the CT7/04 

database calculated by sixteen unique method and basis set combinations 

from the W1 benchmark energies. 

 

Method 

Mean Absolute Deviation (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 2.70 2.40 16.54 2.22 

LANL2DZ 16.42 18.64 44.71 13.85 

def2-TZVP 2.00 2.01 16.18 1.90 

6-311G++(2d,2p) 3.66 3.31 21.95 5.78 

 

Table 3.2 Average time required to optimize all complexes from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Geometry Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 32.69 45.10 21.66 66.48 

LANL2DZ 4.79 15.95 2.36 0.93 

def2-TZVP 29.65 32.17 16.05 37.61 

6-311G++(2d,2p) 23.58 22.66 11.64 19.83 
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3.3.9 Summary 

Viewing Table 3.1 once can conclude, based on the mean absolute deviation, that any 

combination involving the B97D method and LANL2DZ basis set is inadequate. In Table 3.2 

these two methods are the quickest methods, however the error in dissociation energy from the 

reference values is at best 13.85 kJ/mol. The LANL2DZ basis set when combined with MP2 

required 0.93 min on average to converge and achieved a MAD of 13.85 kJ/mol by allotting 

36.38 more minutes to the optimization time by using the def2-TZVP basis set with MP2 the 

accuracy is increased by 11.95 kJ/mol to a MAD of 1.90 kJ/mol. This is a reasonable amount of 

time to budget for a much more accurate description of the dissociation energy. The def2-TZVP 

basis set is time efficient and predicts the most accurate dissociation energies with a MAD of 

2.00 kJ/mol, 2.01 kJ/mol and 1.90 kJ/mol when combined with the M06-2X, ωB97XD, and MP2 

methods respectively. The accuracy and efficiency of the cc-pVTZ basis set is not much higher 

than that of the def2-TZVP basis set. The def2-TZVP basis set is a clear favourite to be used to 

benchmark these methods against the Hal77/12 database due to its accuracy. In addition it is 

available for iodine and cc-pVTZ is not. 
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3.4 Hal77/12 Database 

The Hal77/12 database was created to be used as a benchmark to assess methods at 

modeling halogen bonds involving iodine and bromine. Iodine has been much less benchmarked 

for two reasons, the first being its large size and the second being the lack of basis sets that are 

optimized to model it efficiently with ECPs. In this database it is possible to come to a 

conclusion of the molecular electron environment needed to have a certain halogen bond. The 

variety of complexes illustrates the positive aspects of halogen bonding, the tunability and 

directionality. The benchmark dissociation energies were determined by optimizing the 

geometries using CCSD(T)/def2-TZVP. 

 

3.4.1 Halogen Bond Donors. 

Seven different halogen bond donors were chosen for the Hal77/12 database: I2, IBr, ICl, 

IF, Br2, BrCl, and BrF. These diatomics mimic a range of the polarized environments in 

molecules that the donating halogen will experience and affect the size of the sigma hole. The 

diatomics also were chosen to minimize computational time when optimizing these structures 

using a complex method and large basis set. Diagrams of the halogen bond donors and their 

corresponding intramolecular halogen bond optimized at the CCSD(T)/def2-TZVP as shown in 

Figure 3.1. 
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Figure 3.3 The seven halogen bond donors of the HB77 database and their respective 

bond lengths optimized at the CCSD(T)/def2-TZVP level of theory.  

 

I2 IBr 

  
Bond Distance (Å) Bond Distance (Å) 

1I-2I: 2.69824 1I-2Br: 2.49613 
 

ICl IF 

  
Bond Distance (Å) Bond Distance (Å) 

1I-2Cl: 2.33831 1I-2F: 1.91540 
 

Br2 BrCl 

  
Bond Distance (Å) Bond Distance (Å) 

1Br-2Br: 2.31015 1Br-2Cl: 2.15972 
 

BrF 

 
Bond Distance (Å) 

1Br-2F: 1.76818 
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3.4.2 Halogen Bond Acceptors 

Eleven different halogen bond acceptors were chosen for Hal77/12 database: NH3, H2O, 

C2H4, C2H2, HCN, CH2O, CH2S, CH2NH, CH2PH, SH2, and PH3. These molecules are small 

enough that they can be optimized with CCSD(T)/def2-TZVP and they contain the required 

halogen accepting atoms. By having similar molecules and changing out an atom we can assess 

the trend across the row, comparing oxygen to nitrogen and sulfur to phosphorus, and the trends 

down a column, comparing oxygen and sulfur and nitrogen and phosphorus. Images of halogen 

bond acceptors and their corresponding intramolecular bond lengths optimized  at the 

CCSD(T)/def2-TZVP can found in Figures 3.4 and 3.5. 

 

3.4.3 CCSD(T)/def2-TZVP Halogen Bond Dissociation Energies 

3.4.3.1  NH3 Halogen Bond Acceptor 

As seen in Table D.1 of Appendix D the strongest halogen bonds are formed with 

ammonia. The strongest halogen bond of 67.09 kJ/mol is found in the H3N – IF complex. The 

reasons for ammonia being such a good halogen bond acceptor can be seen in the analysis of the 

CT7/04 database. The iodine monofluoride molecule is highly polarized as the difference in 

electronegativity is the largest of all halogen bond donors in the database and leads to a 

significantly positive sigma hole on iodine. In addition the valence electrons on iodine is easily 

repelled which adds to the creation of a larger sigma hole which is readily stabilized by the 

negative dipole of the ammonia molecule. As the difference in electronegativity decreases 

between the atoms of the halogen diatomics the halogen bond strength decreases. Despite this the 

I2 
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Figure 3.4  Six of the eleven halogen bond acceptors of the HB77 database and their 

corresponding bond lengths optimized using CCSD(T)/def2-TZVP. 

 

NH3 H2O 

 
 

Bond Distances (Å) Bond Distances (Å) 

1N-3H: 1.01569 1O-3H: 0.96299 
 

C2H4 C2H2 

  

Bond Distances (Å) Bond Distances (Å) 

1C-4H: 1.08566 1C-3H: 1.06633 

1C-2C: 1.33704 1C-2C: 1.20989 
 

HCN CH2O 

  

Bond Distances (Å) Bond Distances (Å) 

1C-3N: 1.15933 1C-4H: 1.10574 

1C-2H: 1.06993 1C-2O: 1.20949 
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Figure 3.5  Five of the eleven halogen bond acceptors of the HB77 database and their 

corresponding bond lengths optimized using CCSD(T)/def2-TZVP. 

 

CH2S CH2NH 

  

Bond Distances (Å) Bond Distances (Å) 

1C-2H: 1.08815 5N-4H: 1.02479 

1C-4S: 1.59635 5N-1C: 1.27673 

 1C-3H 1.09054 
 

CH2PH PH3 

  

Bond Distances (Å) Bond Distances (Å) 

5P-4H: 1.42477 1P-3H: 1.41753 

5P-1C: 1.67646   

1C-3H: 1.08747   

 

SH2 

 

Bond Distances (Å) 

1S-3H: 1.34133 
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diatomic forms a halogen bond with ammonia with a dissociation energy of 33.72 kJ/mol, which 

is stronger than conventional hydrogen bonds. Bromine forms weaker halogens bonds with Br2, 

BrCl, and BrF diatomics complexed with ammonia having dissociation energies of 29.09 kJ/mol, 

34.85 kJ/mol, and 56.88 kJ/mol respectively. 

 

3.4.3.2  H2O Halogen Bond Acceptor 

In Table D.2 the dissociation energies for the seven halogen bond donors with water can 

be found. Water forms weaker halogen bonds than ammonia due to the MOs occupied by the 

lone pairs of electrons as the first lone pair MO is quite close to the oxygen and the second lone 

pair MO is similar to that of the lone pair in ammonia however it is not as long. The dissociation 

energy of I2, IBr, ICl, and IF in complex with water are 19.31 kJ/mol, 24.57 kJ/mol, 27.91 

kJ/mol, and 37.70 kJ/mol. The dissociation energy of the most likely environment that iodine 

will see in a molecule is 19.31 kJ/mol if it were complexed with an alcohol or ether which is on 

par with hydrogen bonding, however by adding electron withdrawing groups the strength of the 

interaction can be increased. 

 

3.4.3.3  C2H4 Halogen Bond Acceptor 

The lack of a strong localized dipole leads ethane forming slightly weaker halogen bonds 

with the seven halogen bond donors than water. The large size of iodine and it ease of dispersion 

allows for those four diatomics to from much stronger halogen bonds than that of its analog in 

the CT7/04 database. The dissociation energies for these complexes can found in Table D.3. 
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Their strengths range from 13.45 kJ/mol for H4C2 – Br2 to a maximum of 33.77 kJ/mol for H4C2 

– IF. The strength of the interaction of these diatomics leads one to see that halogen bonding can 

be very useful as the dissociation energy is low enough that the species can be separated easily 

and strong enough to allow coordination with other parts of the molecules. 

3.4.3.4  C2H2 Halogen Bond Acceptor 

The MOs of the π-system of C2H2 are more localized than those of C2H4 and as a result 

increase the electron repulsion between the halogen donor electrons and those of the acceptor. 

The dissociation energies of the acetylene complexes are lower than those of ethylene. The 

dissociation energies of I2, Br2, and BrCl halogen donors in complexes with C2H2 are 12.33 

kJ/mol, 10.74 kJ/mol, and 12.78 kJ/mol respectively, as seen in Table D.4. These complexes are 

not very likely to occur in larger molecular systems as other interactions such as hydrogen 

bonding would be more prevalent. Four other halogen bonds with strengths from 15.84 kJ/mol to 

25.67 kJ/mol could be used to coordinate carbon-carbon triple bonds. 

 

3.4.3.5  HCN Halogen Bond Acceptor 

The dissociation energies of the seven halogen bond donors with hydrogen cyanide are 

almost identical to their C2H4 counter parts. The weakness of the HCN halogen bond is the result 

of the lone pair of the nitrogen being more localized that in ammonia. With a dissociation energy 

of 13.62 kJ/mol for HCN – Br2, as seen in Table D.5, in a diverse organic environment would be 

in competition with hydroxyl and carboxylic acid groups. An environment in a molecule 

mimicking the electronegativity difference between iodine and chlorine or bromine would lead to 

very useful halogen bonds. This is because that magnitude of separation between the 
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electronegativities can occur in a molecule in an organic system to create a positive dipole on 

iodine. Iodine monofluoride would form stronger halogen bonds but it would be very difficult to 

create an organic molecule that can create as large of sigma hole on the iodine. 

 

3.4.3.6  CH2O Halogen Bond Acceptor 

Formaldehyde has two possible conformations to form halogen bonds, the first bond 

occurs when the carbon oxygen halogen angle is 180° and the second occurs when the carbon 

oxygen halogen angle is approximately 120°. The former halogen bond is very weak for 

methanethial and could not be optimized using any of the methods. As a result we focus on the 

latter halogen bond as it is stronger. Formaldehyde complex dissociation energies range from 

15.97 kJ/mol to 35.95 kJ/mol for complexes CH2O – Br2 and CH2O – IF respectively, as seen in 

Table D.6. The carbonyl oxygen are close in energy to those formed by the oxygen in water.  

 

3.4.3.7  CH2S Halogen Bond Acceptor 

Methanethial cannot form two different halogen bonds as its structural oxygen derivative, 

however it is able to form much stronger halogen bonds in the 120° conformation. This 

phenomenon is postulated to occur due the increased electron repulsion due to the MOs of 

methanethial participating in halogen bonding and the halogen donor. The strength of the 120° 

conformation is due to the sulphur having a highly localized lone pair which is able to maximize 

dispersion of the diffuse halogen electron cloud and then stabilize the larger sigma hole via 

charge transfer interactions. The dissociation energies, as seen in Table D.7, of I2, IBr, ICl, and 
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IF in complexes with methanethial are 21.88 kJ/mol, 28.96 kJ/mol, 32.79 kJ/mol, and 47.31 

kJ/mol. The weakest halogen bond formed with Br2 has a dissociation energy of 19.42 kJ/mol 

which means that bromine would be a good atom to use in the coordination with thial or thiols in 

larger organic molecules. 

 

3.4.3.8   CH2NH Halogen Bond Acceptor 

Imines demonstrate halogen bonds that are similar to those with ammonia despite that 

they contain a carbon nitrogen double bond. Unlike hydrogen cyanide the methylenimine 

nitrogen still has a delocalized lone pair of electrons like ammonia. Imines are very important 

compounds in synthesis as they occur in numerous catalyzed reactions involving nitrogen. Since 

the imine is able to form strong halogen bonds, for example the weakest having a dissociation 

energy of 26.31 kJ/mol as seen in Table D.8, it is possible to use halogen bonds to stabilize 

imines or assist with their coordination. The halogen diatomics that demonstrate moderate 

polarization, IBr, ICl, and BrCl, form halogen bonds with dissociation energies from 31.86 

kJ/mol to  46.84 kJ/mol which are much stronger than their hydrogen bond derivatives. 

 

3.4.3.9  CH2PH Halogen Bond Donor 

Phosphaethane does not form stronger halogen bonds than methylenimine which is the 

opposite trend demonstrated by formaldehyde and methanethial. The dissociation energies of 

halogen diatomics and phosphaethane are still large, however as the sigma hole due to 

polarization decreases on the halogen bond diatomic the dissociation energy becomes smaller at 
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a faster rate than for other complexes. This is most likely a result of the lone pair of phosphorus 

being only partially delocalized. It is able to undergo charge transfer interactions with ease. 

However as the sigma hole becomes smaller the slightly delocalized lone pair is unable to 

disperse the electron cloud of the halogen donor as electron repulsion effects are the dominant 

interaction. The dissociation energy of the H2CHP – I2 complex is 14.70 kJ/mol and 40.41 

kJ/mol for H2CHP – IF, as seen in Table D.9. 

 

3.4.3.10 PH3 Halogen Bond Complex 

Phosphine has similar dissociation energies as phosphaethane as seen in Table D.10 

which follows the same trend as ammonia and methylenimine. The dissociation energies for the 

I2, IBr, ICl, and IF when in complex with phosphine are 16.00 kJ/mol, 22.95 kJ/mol, 27.25 

kJ/mol, and 44.87 kJ/mol respectively. If calculations were carried out on the molecule HCP 

based on the trend of nitrogen containing compounds, the dissociation energies would be much 

lower. 

 

3.4.3.11 SH2 Halogen Bond Donor 

Hydrogen sulfide does not have larger dissociation energies that water as one might 

expect after observing the relationship between formaldehyde and methanethial. The dissociation 

energies as seen in Table D.11 are very similar in strength to their oxygen derivatives. The 

hydrogen sulfides lone pair MO is more localized than in methanethial. The two weakest halogen 

bonds of 13.03 kJ/mol and 14.92 kJ/mol would have to compete with other non-covalent 
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interactions in a complex. The H2S - ICl complex has a dissociation energy of 22.65 kJ/mol and 

may be more useful being used as a tool in coordination chemistry.  

 

3.4.4 Analysis of Methods 

When the five different combinations of method and basis set are benchmarked against 

the CCSD(T)/def2-TZVP energies the there are two distinct trends. (See Appendix E in Tables 

E.1 to E.11.) The first trend is the increase in MAD as the difference in electronegativity 

between the atoms of the halogen diatomic increases. A possible explanation of this phenomenon 

is that due to the increase in electron correlation effects, DFT and MP2 are unable to accurately 

describe the complex, as seen in Table 3.4. These correlation effects are the creation of a sigma 

hole and the treatment of the electrons which are dispersed as a result. In the case of H3N – I2 the 

interaction is dominated by the dispersion and charge transfer effects and in the H3N – IF 

complex the interaction is dominated by polarization, dispersion, and charge transfer. For the 

halogen bond donors I2, IBr, ICl, and IF the MAD in dissociation energies are 2.64 kJ/mol, 3.96 

kJ/mol, 4.83 kJ/mol, and 7.87 kJ/mol and the same trend is evident for the bromine containing 

halogen bond donor. 
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Table 3.3 Mean absolute deviation in dissociation energy of M06-2X/def2-TZVP, 

M06-2X/def2-QZVP, ωB97XD/def2-TZVP, ωB97XD/def2-QZVP, and 

MP2/def2-TZVP of all halogen bond acceptors for each halogen bond 

donor from the CCSD(T)def-TZVP dissociation energy. 

Halogen 

Diatomic 

Deviation in Dissociation 

Energy (kJ/mol) 

I2 2.64 

IBr 3.96 

ICl 4.83 

IF 7.87 

Br2 2.27 

BrCl 2.69 

BrF 6.69 

 

The next trend is that when the larger def2-QZVP basis set is used as opposed to the 

def2-TZVP basis set there is a reduction in the deviation from the CCSD(T)/def2-TZVP 

dissociation energy. Larger basis sets often improve energy calculations, however one must 

factor in computational efficiency. The difference in dissociation energy between the two basis 

sets is at a maximum approximately 4 kJ/mol and about 2 kJ/mol for most cases. When 

optimizing a larger system one must consider that it may be better to use the smaller basis set as 

the increase in accuracy is not worth the computational cost.  
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Table 3.4 Mean absolute deviation of five method and basis set combinations for the 

HAL77 database dissociation energies determined by CCSD(T)/def2-

TZVP. 

Complex MAD (kJ/mol) 

M06-2X/def2-TZVP 5.48 

M06-2X/def2-QZVP 3.99 

ωB97XD/def2-TZVP 3.75 

ωB97XD/def2-QZVP 2.78 

MP2/def2-TZVP 6.10 

 

In Table 3.5 the effectiveness of the five method/basis set combinations is assessed.It can 

be seen that the best method/basis set combinations is ωB97XD/def2-QZVP with a MAD of 2.78 

kJ/mol. By using the smaller basis set with ωB97XD there is a small increase in MAD of the 

dissociation energies to 3.75 kJ/mol which means that by using a smaller basis set the error 

increases by 0.98 kJ/mol. The time saved by using a smaller basis set for a larger system could 

be great and be recommended. The M06-2X/def2-QZVP basis set is almost as accurate as 

ωB97XD/def2-TZVP which would make inefficient to use on larger systems and less accurate. 

M06-2X/def2-TZVP and MP2/def2-TZVP have MADs of 5.48 kJ/mol and 6.10 kJ/mol which do 

not make them the best choice in the prediction of dissociation energies of halogen bonded 

complexes. 
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3.4.5 Geometry Analysis 

The optimized intramolecular bond lengths of the 77 halogen bonded complexes 

optimized at the CCSD(T)/def2-TZVP level can be seen in Appendix F. The dihedral angles are 

also listed to show a problem with the Gaussview software. There is no common choice for a 

reference when determining the dihedral angle. It is evident that all dihedral angles are in fact 

fairly similar for a family of halogen bond acceptors except that they appear to be shifted each 

each time by random value of degrees. In one complex the 1H N I I dihedral angle will be 120° 

and the 2H N I I dihedral angle will be 240°. While in another complex the 1H N I Br dihedral 

angle will be 60° and the 2H N I Br dihedral angle will be 180°. The difference in both cases is 

120° but with a different reference point for the dihedral angle despite the geometries being 

almost identical. 

 

3.4.6 Halogen Bond Length Analysis 

It does not matter that an optimization is carried out using DFT, MP2, or CCSD(T) with 

an appropriately large basis set since the final geometry is nearly identical. This is tabulated in 

Appendix G, the halogen bond lengths, and Appendix H, the deviation of 5 method/basis set 

combinations from the CCSD(T)/def2-TZVP values. It is necessary to show that in many cases 

the geometry of the complexes does not vary if a sufficient DFT method is used. This conclusion 

allows us to use newer electron correlation methods to calculate the energy using a DFT 

optimized geometry. 
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Table 3.5  Mean absolute deviations of five method and basis set combinations for 

the HAL77 database non-covalent halogen bond length determined by 

CCSD(T)/def2-TZVP. 

Complex MAD (Å) 

M06-2X/def2-TZVP 0.053 

M06-2X/def2-QZVP 0.054 

ωB97XD/def2-TZVP 0.040 

ωB97XD/def2-QZVP 0.039 

MP2/def2-TZVP 0.104 

 

In Table 3.6 the 5 method/basis set combinations and their respective MAD from the 

CCSD(T)/def2-TZVP halogen bond length are shown. The ωB97XD method when coupled with 

the def2-TZVP basis set has a MAD of 0.040 Å and 0.039 Å when used with the def2-QZVP 

basis set. This means that when the goal is to optimize a larger molecule or complex exhibiting 

halogen bonding complex it is better to use the def2-TZVP as the difference from the large 

quadruple basis set is insignificant. The M06-2X method does slightly worse than ωB97XD with 

MAD of 0.053 Å and 0.054 Å for the def2-TZVP and def2-QZVP basis sets respectively. This 

deviation is still insignificant as there is no significant change in the geometry to affect single 

point energy calculations. MP2/def2-TZVP is the worst of the five combinations as it has MAD 

of 0.104 Å, which is still fairly insignificant but due to the time MP2 calculations take it is better 

to the DFT methods bases on computational efficiency. The choice of method/basis set does not 
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have a major effect on the geometry and is more important when determining the dissociation 

energy. 

 

3.4.7 Intramolecular Halogen Bond Length Analysis 

To verify that the halogen complexes undergo a non-covalent interaction we look at the 

intramolecular halogen bond length of the halogen diatomics. If an interaction is present in the 

complex then the intramolecular halogen bond length should slightly elongate. This is verified 

and tabulated in Appendix I. The changes in the bond length are minimal and it is hard to 

conclude that this is due to the halogen diatomic being in a complex. A possible explanation for 

this is that when a halogen diatomic forms a halogen bond an occupied anitbonding MO is 

shifted to a higher energy. Since in all but one case the intramolecular halogen bond length of the 

diatomic increases it can be said that the consistent prediction of elongation verifies that the bond 

length is altered by the formation of a halogen bonded complex.  

 

The one case in which the bond length contracts is in the HCN – ICl complex where it 

decreases by 0.00051 Å. The only evident reason behind this anomaly is that the changes in bond 

length are so small that they are susceptible to errors in the optimization. The one prevalent trend 

that occurs is that the change in bond length is greater for complexes exhibiting strong 

dissociation energies, the ammonia halogen bond donor causes greater elongation of the halogen 

diatomic bond than hydrogen cyanide. These observations confirm that there is some correlation 

between the halogen diatomic bond length and the verification of non-covalent halogen bonds. 
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3.4.8 Mulliken Charge Analysis 

The Mulliken charges help us better understand the non-covalent halogen bonds. The 

assumption is that the halogen bond donor is slightly positive due to the anisotropic nature of its 

electron cloud and the difference in electronegativity in the halogen diatomic. In Appendix J it is 

evident that this assumption is true except for complexes which involve CH2S and CH2PH. For 

both these species the halogen bond acceptor atom, sulfur or phosphorus, have a positive charge. 

The most plausible explanation of this is that the double bond pulls electrons away from the 

halogen bond acceptor and this gives a positive charge to the atom. However, the MO occupied 

by the lone pair of electrons that forms the non-covalent halogen bond is high in energy and 

adequately delocalized to form strong halogen bonds.  

 

In Appendix J the complexes involving ethylene and acetylene were omitted as the 

Muliken charges on the carbons would not be demonstrative of the overall π-system interaction 

with the halogen bond donor. The greatest charge separation occurs in complexes containing 

ammonia. Since methylenimine forms halogen bonds of similar strength to ammonia it is 

interesting to note that the charge separation is half that of ammonia. The reason for this is 

similar to the anomaly in charge separation of CH2S and CH2PH in that the atom overall may 

have a more positive Mulliken charge. 
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3.4.9 Summary  

The ωB97XD method is very good at predicting the dissociation energies of halogen 

bond complexes with M06-2X not being far behind. Using the larger analog of the def2-TZVP 

basis set, the def2-TZVP basis set, it is possible to be very close to the dissociation energy 

calculated by CCSD(T)/def2-TZVP. The strongest halogen bond acceptors are NH3 and CH2NH 

with dissociations energies in the 60 kJ/mol range when complexed with IF. They are followed 

by CH2S, CH2PH, and PH3 which have dissociation energies in the 40 kJ/mol range when 

complexed with IF. When H2O, C2H4, HCN, CH2O, and SH2 are in complexes with IF their 

dissociation energies are in the 30 kJ/mol range. The worst halogen bond acceptor is C2H2 since 

when it forms a non-covalent bond with IF the complex has a dissociation energy of only 25 

kJ/mol. A larger difference in the electronegativity of the atoms of the halogen diatomic leads to 

a larger deviation from the CCSD(T)/def2-TZVP calculated energy.  

 

The optimization of geometries does not have to be carried out using CCSD(T)/def2-

TZVP as there is little deviation between the DFT methods and MP2 optimized non-covalent 

halogen bond length. As the dissociation energy increases in a complex the larger the difference 

in bond length of the halogen diatomic which is a result of the dispersion undergone by the 

halogen bond donor. The Mulliken charge analysis shows that non-covalent halogen bond 

interactions are driven by charge separation between the two halogen bond donor and acceptor. 

This is true except for complexes involving CH2S and CH2PH because the interaction is driven 

by the delocalized nature of particular MO’s as opposed overall atomic charges. 
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Chapter 4:  

The Proline Catalyzed Assymetric Aldol Reaction in 

the Gas Phase, Water, and DMSO 
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4.1 Introduction 

As organocatalysts and biocatalysts play a heightened role many industries require better 

computational methods to assist and support the development of these catalysts. With the use of 

new theoretical approaches we can predict the energies and properties of large systems with 

increased accuracy and efficiency. These catalysts already are used in the oil industry to create 

bio-diesel, the chemical industry in green polymerization, and in the pharmaceutical industry to 

increase drug efficiency and minimize side effects.
1-5

 These large molecules benefit these 

industries by requiring less energy to carry out their task and offering a higher degree of 

selectivity.
4-8

 The major and often crippling drawback of these molecules is that they are costly 

to develop and would greatly benefit from efficient and accurate computational simulations.
3,9-11

 

Highly accurate calculations using CCSD(T) with a quadruple-zeta basis set, the “gold standard” 

in quantum chemical calculations, are constrained to systems consisting of less than about 10 

atoms. This prevents CCSD(T) from being used to calculate the energies of large biological 

molecules or active sites. 

 

Density Functional Theory (DFT) methods are able to calculate the energy of these large 

systems and optimize their geometric parameters. However, DFT methods are not able to 

achieve the highest accuracy in the energies since the exchange and correlation parts of the 

functional are approximations.
27-30

 The geometries predicted by large DFT methods with a 

modern basis set are similar to those of Møller – Plesset perturbation theory and coupled cluster 

theory. In this study the M06-2X method, a Minnesota type functional created by Zhao and 

Truhlar, was used to optimize the structures and to calculate vibrational frequencies.
31-33

 The 
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M06-2X method incorporates the Hartree-Fock exchange, the second-order density, and the use 

of considerable  parameterization in order to increase the accuracy of DFT when evaluating weak 

interactions. The Minnesota class of functionals is able to more accurately describe long range 

interactions. However they still inaccurately describe certain interactions, at mid range.
34-35

 A 

different method is required to calculate the energies of larger systems. The other possibilities 

are Møller – Plesset perturbation theory, configuration interaction (CI), and coupled cluster (CC) 

methods. Second order perturbation theory despite treating correlation in a more correct fashion 

than DFT is still inaccurate due to the incorrect assessment of virtual orbitals as only singles and 

doubles excitations are included. Full CI calculations are very expensive and almost impossible 

on molecules larger than water. The singles and doubles variant of the theory is not size 

extensive and size consistent. CCSD theory does not suffer from these two setbacks, however it 

is not as accurate as CCSD(T) and is still very inefficient. We propose the correction of energies 

using new coupled cluster methods. Coupled cluster theory has many advantages such as being 

exact for two electron systems, being size consistent and size extensive, and orbital invariant.
36-38

  

 

Recently the only way to carry out CCSD calculations on larger molecules involved a 

great deal of computing power and time. Neese et al. revitalized interest in the use of local pair 

natural orbitals (LPNO) coupled with CCSD theory to make it possible to calculate the energies 

of larger molecules with much less computing power and time.
39-41

 This is achieved by replacing 

the a,b unoccupied orbitals of electrons i,j with a rapidly converging PNO α,β obtained from the 

eigenvectors of a one-electron density matrix of the electron pair i,j.
39-41

 More recently 

Huntington and Nooijen proposed the parameterization of the CCSD method, where there are 

three empirical parameters that do not affect any of the benefits of coupled cluster theory yet 
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present a means to increase the accuracy of CCSD without sacrificing efficiency.
38

 This is 

achieved by introducing arbitrary parameters α and β to the four individual contributions to the 

1

2
𝑇 2

2 term.  A third parameter γ is multiplied by the summation of the residual singles terms. 

Coupling the ability to adjust these terms with the efficiency of LPNO methods it is possible to 

achieve a method that is closer to the accuracy of CCSD(T) while having the efficiency of 

LPNO-CCSD.  

 

The efficiency of this method can be increased further by the choice of basis set. Neese 

has created auxiliary variants of the popular def2 basis sets developed by Weigand and Ahlrichs 

which are fitted for correlation. The def2 basis sets have been shown to be accurate for many 

problems and are available for a broad range of elements, hydrogen to radon, makes them highly 

useful. We propose the use of the highly parameterized DFT methods to optimize geometries of 

large molecules and the use of LPNO-pCCSD to evaluate the energy at these geometries to 

achieve increased accuracy. 

 

To assess the applicability of these methods for large systems we reinvestigate the 

reaction mechanism of acetone with acetaldehyde catalyzed by L-proline proposed by Rankin et 

al.
25

 L-proline is one possible catalyst in the asymmetric aldol reaction. It is an organocatalyst 

and is an example of the sort of biological molecule to which the pCCSD method is highly 

applicable .
6-8, 12-14

 The modification of the basic proline structures results in catalysts that 

increase yield and enantiomer selectivity significantly.
15-18

  Present interest in the L-proline 

catalyst in the asymmetric aldol reaction occurred after List et al. investigated the reaction 
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between acetone and nitrobenzylaldehyde in the presence of L-proline and first documented the 

asymmetric aldol reaction and its selectivity.
6
 In nature the synthesis of aldol compounds is 

catalyzed by two different enzymes, aldolase class 1 and aldolase class2. The aldolase class 1 

enzyme synthesizes aldol by a mechanism with an enamine intermediate while the aldolase class 

2 enzyme catalyzes the reaction through a divalent metal ion.
19-21

 The L-proline mechanism 

mimics the class 1 enzyme with the creation of an enamine intermediate to produce an aldol.
22-24

 

A computational study carried out on L-proline asymmetric reaction was carried out by Rankin 

et al. which expands on the mechanism proposed by List et al. and provides a detailed 

mechanism and energy surface in both the gas phase and in DMSO solvent.
6-8,25

   

 

The mechanism proposed by Rankin et al. shows how L-proline can catalyze the 

formation of a C – C bond to form an aldol from acetone and acetaldehyde.
25

 The mechanism is 

initialized by the reaction of L-proline and acetone and the subsequent dehydration of the 

acetone to form an imine. The imine occurs in an equilibrium with its enamine conformer. This 

allows the acetaldehyde to react with the terminal carbon of the methylene sidechain to form a C 

– C bond. The addition of a water molecule initiates the termination of the mechanism by 

forming an aldol and regenerating the L-proline catalyst. B3LYP/6-31G(d,p) was employed to 

carry out the geometry optimizations, frequency, and zero point vibrational energies (ZPVE) in 

the earlier study.
25

 Single point energies were predicted at the B3LYP/6-311+G(2df,p) using the 

previously optimized geometries and corrected with the appropriate ZPVE.
25

 We will provide the 

uncorrected energies as it is troubling to mix energies from two different theoretical approaches 

and one can argue that corrections for ZVPE would be consistent between different methods and 

offering little variation. In this study relative energies are of interest and calculating the ZVPE by 
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coupled cluster theory would be very time consuming and not offer much improvement in single 

point energy as the ZVPE would almost completely be canceled out. The mechanisms proposed 

by Rankin et al. was expanded by steps previously not identified. The utility of the M06-2X and 

LPNO-pCCSD methods will be asessed.
25

 We will carry out the calculations in gas phase, water, 

and DMSO systems. Previously DMSO solvent was chosen for investigation as it is a popular 

choice in a laboratory setting. Through the investigation of how the mechanism works in water 

we can apply our findings to suggest a greener approach to this reaction. 

 

4.2 Computational Details 

The Guassian09 rev. A.01 software package was used to optimize the geometries of all 

structures and to calculate their corresponding vibrational frequencies using M06-2X//def2-

TZVP. 
31,41-42 

Single-point PBE1PBE//def2-TZVP calculations were carried with the same 

package.
43-44

All calculations with the Gaussian software package were optimized to the default 

SCF convergence criteria and on an ultrafine grid. The LPNO-CCSD//def2-TZVP/C, and LPNO-

pCCSD\IIa//def2-TZVP/C single-point calculations were carried out using the ORCA software 

package and tight SCF convergence.
27

 The /C represents the use of auxiliary basis sets fit for 

correlation. The COSMO solvent package was used for all solvent calculations carried out in 

ORCA and the PCM method was used for all solvent calculations carried out in Gaussion09. The 

DFT calculations were carried out on the ORCA computer of SHARCNET. The pCCSD and 

LPNO-pCCSD calculations were carried out on the thooft computer at the University of 

Waterloo. 
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4.3 Geometry Optimizations 

4.3.1 Geometry Optimizations in the Gas Phase  

The synthesis of an aldol product, as seen in Figure 4.1, with a L-proline catalyst can be 

broken down into 4 major steps: i) the creation of an imine, ii) the conversion of the imine into 

an enamine, iii) the reaction of acetaldehyde and the enamine intermediate, and iv) the hydration 

of the enamine-acetaldehyde molecule which results in an aldol product and regeneration of the 

L-proline catalyst. The generation of an imine intermediate is facilitated through a hydrogen 

bond of length 2.12 Å (C) between the lone pair on the sp
2
 hybridized oxygen of the acetone and 

the hydrogen of the proline nitrogen. The next step involves a hydrogen transfer from the 

nitrogen to the carbonyl oxygen of the acetone with the formation of C – N bond between the 

carbon of the carbonyl group and the nitrogen of the proline, DTS.  

 

In E the hydroxyl group of the carboxylic acid stabilizes the molecule through a 

hydrogen bond to the newly formed alcohol group on the isopropyl side chain. This hydrogen 

bond leads to a hydrogen transfer in FTS
 
from the hydroxyl group of the carboxylic acid to the 

side chain alcohol group. The hydrogen transfer in FTS causes the C- O bond of the side chain to 

break, with the C – O bond length in this transition structure being 1.97 Å, resulting in a water 

molecule leaving. The dehydration of the imine (G) results in a hydrogen bond between one of 

the hydrogens on the water and the carboxylate group of the imine. 
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Figure 4.1 The mechanism proposed by Rankin et al. for the proline catalyzed direct 

aldol reaction of acetone and acetaldehyde in the gas phase.
25

 The 

mechanism was extended by including a previously unidentified transition 

state QTS and adding two complexes, V and WTS, which lead to the 

completion of the catalysis. 
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The next step is the conversion of imine (H) into an enamine (J). This occurs via the 

transition state ITS where a hydrogen transfer occurs between methyl group of the isopropyl side 

chain that is closest to the carboxylate group of the proline. The creation of the enamine allows 

for formation of a hydrogen bond with acetaldehyde in L with a length of 1.91 Å. This leads to 

the third phase of the reaction where the acetaldehyde reacts with the enamine through a 

hydrogen transfer between hydroxy group of enamine to the carbonyl of the acetaldehyde as seen 

in MTS. This hydrogen transfer results in a carbon cation in the acetaldehyde MTS which reacts 

with terminal methylene carbon of the enamine to form C – C bond. The resulting imine 

complex (N) is stabilized by a hydrogen bond of length 1.77 Å between the alcohol and one of 

the carboxylate oxygens.  

 

The final phase of the reaction, the hydration of the imine complex (P), starts by the 

water molecule forming two hydrogen bonds. The first is between one of the hydrogens 

interacting with one of the carboxylate oxygens and the second between the hydrogen of the 

hydroxy group interacting with the oxygen of water. Transition state QTS results when a 

hydrogen transfer occurs between the water molecule and carboxylate group given a hydroxy ion 

which attacks the carbon of C = N bond to form a C- O bond. The resulting intermediate R is 

stabilized by two hydrogen bonds, RR1 between the carboxyl group and the nitrogen and RR2 

between the two hydroxyl groups on the 2,4 pentadiol side chain. The former hydrogen bond 

yields a proton transfer in transistion state STS between the carboxyl and nitrogen. An 

intermediate forms with a hydrogen bond of 1.61 Å between the carboxylate group and the 

hydroxy group in structure T. The hydrogen bond results in a hydrogen transfer in UTS to 

regenerate the carboxyl on the proline and leave a carbonyl oxygen anion. The next structure is 
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an intermediate (V) with a hydrogen bond, RV, of length 1.37 A. The charge imbalance causes 

the cleavage of  the C – N bond in WTS. The aldol leaving group forms a hydrogen bond with 

carbonyl interacting with the carboxyl hydrogen. The final products are the aldol, 4-hydroxy-2-

pentone, and L-proline. The catalyst is regenerated. 

 

4.3.2 Geometry Optimizations in Water 

 The proposed mechanism for the proline catalyzed direct aldol reaction in water deviates 

marginally from the proposed mechanism in the gas phase as seen in Figure 4.2. The first 

interaction between proline and acetone, structure wC, is essentially the same as in the gas phase 

with a slightly shorter hydrogen bond of 2.100 Å. The next step, wDTS, is a deviation from the 

gas phase mechanism where now a hydrogen transfer occurs between the carboxylic acid on the 

proline and oxygen of acetone. In the same step a bond begins to form between the nitrogen of 

the proline and central carbon of acetone with an initial distance of 1.995 Å. Structure wE is 

zwitterionic with a negative charge on the carboxylate group and a positive charge on the 

nitrogen. This zwitterion is stabilized in wFTS by the transfer of a proton from the nitrogen to one 

of the carboxyl oxygens with the hydrogen being 1.241 Å and 1.271 Å away from the oxygen 

and nitrogen atoms respectively. 
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Figure 4.2  The mechanism proposed by Rankin et al. for the proline catalyzed direct 

aldol reaction of acetone and acetaldehyde in water. The mechanism was 

extended by including previously unidentified transition states wFTS, wQ-

TS, and wWTS. 
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 A stable structure, wG, has a hydrogen bond between the hydrogen of the carboxylic acid 

and the oxygen of the iso-propanyl side chain. The molecule than undergoes a dehydration, the 

hydrogen from the carboxylic acid is transferred to the hydroxy group which then leaves due to 

its instability. In the process of leaving one of the hydrogens of the water forms a hydrogen bond 

of 1.710 Å with an oxygen of the carboxylate group in wI. This results in an zwitterionic imine 

complex wJ. The imine complex is converted to an enamine, wKTS, through the transfer of a 

terminal hydrogen to the carboxyl group of proline where the hydrogen is located 1.272 Å and 

1.360 Å from the oxygen and carbon respectively. An enamine is created and stabilized by a 

hydrogen bond of length 2.031 Å between the hydrogen of the carboxylic acid group and the 

nitrogen of the proline. 

 

 The addition of acetaldehyde to the solution results in the carbonyl oxygen of the 

acetaldehyde to coordinate to the proline through a hydrogen bond with the proton of the 

carboxylic acid of length 1.842 Å. This leads to the hydrogen from the carboxylic acid 

transferring to the carbonyl group of acetaldehyde which results in a positive charge being 

transferred to the carbon of the carbonyl group which reacts with the CH2 group of the enamine 

as depicted in wOTS. The resulting zwitterion wP is stabilized by a hydrogen bond of length 

1.790 Å between the hydrogen of the alcohol group and one of the oxygens of carboxlylate 

group. The last phase of the catalysis is initiated by the coordination of water to the complex 

through two hydrogen bonds with lengths of 1.649 Å and 1.838 Å. 

 

 A hydrogen of the coordinated water molecule is transferred to one of the oxygens of the 

carboxylate group in wSTS which leads to a negative charge on the oxygen of the water which 
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reacts with the carbon of the imine bond. This results in a neutral molecule, wT, stabilized by 

two hydrogen bonds, the first between the hydrogen of the carboxylic acid and the nitrogen of 

the proline and the second between the two hydroxyl groups of the side chain. The first hydrogen 

bond causes a hydrogen transfer to occur in wUTS with the hydrogen being located 1.241 Å away 

from the oxygen and 1.268 Å from the nitrogen.  

 

A zwitterion, wV, is formed and stabilized by a hydrogen bond between the hydrogen 

bond of the hydroxyl group closest to the proline and the oxygen of the carboxylate group. As 

opposed to just a hydrogen transfer between the two groups in gas phase in water the hydrogen 

transfer and carbon nitrogen bond cleavage occur in the same step wWTS. The next step is the 

detachment of the aldol product from the proline catalyst via a hydrogen bond in wX. In the steps 

that are similar in geometrical orientation to their gas phase counter parts there are no great 

differences between any of the important distances. 

 

4.3.3 Geometry Optimizations in DMSO 

 It is unnecessary to write an in depth analysis of the proline catalyzed aldol reaction in 

DMSO solvent as it is nearly identical to that proposed in water. There are slight deviations in 

interaction bond lengths as seen in Figure 4.3. The reason for little differentiation between the 

mechanism in the two different liquids is probably due to how the solvent system is modeled. 

The solvent plays an important role in stabilizing zwitterions and energetically unstable 

molecules such as dJ and transition states such as dDTS. It is more useful to compare the 

energetics of these mechanisms in order to better assess the solvent effects on this mechanism. 
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Figure 4.3  The mechanism proposed by Rankin et al. for the proline catalyzed direct 

aldol reaction of acetone and acetaldehyde in DMSO.
25

 The mechanism 

was extended by including previously unidentified transition states dFTS, 

dQTS, and dWTS. 
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4.4 Energetics 

4.4.1 Energies of the Mechanism in the Gas Phase 

 The energies calculated by four different methods using the optimized M06-2X/def2-

TZVP geometries are shown in Table 4.1 and visualized in Figure 4.4. All energies are LPNO-

pCCSD/IIa//def2-TZVP/C energies. In the first phase of the mechanism the energies are relative 

to the summation of the total energies of proline, A, and acetone, B. The first step in the 

mechanism to create structure C is spontaneous and is exothermic by 22 kJ/mol. The next step, 

the rate limiting step of the reaction, is to obtain transition state DTS which requires 140 kJ/mol 

energy. DTS then exothermically decomposes to E and releases 146 kJ/mol. This means that all 

the energy required in the rate limiting step is returned to the system which can explain the 

catalytic nature of this mechanism. In order to reach transition state FTS 86 kJ/mol are required . 

It decomposes to G by releasing 44 kJ/mol. This is the end of the first phase of the reaction and 

the energies for the next phase, the imine – enamine tautomerism, compounds ITS and J are 

stated relative to H. The hydrogen transfer requires 49 kJ/mol to create ITS which turns into J by 

giving off 97 kJ/mol. 

 

 The addition of acetaldehyde to the enamine is the reference point for the next set of 

energies. Compound L, which involves the initial coordination of acetaldehyde to the enamine, is 

energetically favoured as it is lower in energy by 30 kJ/mol than the precursor. The incorporation 

of the acetaldehyde into the enamine in MTS only requires 46 kJ/mol and then reverts to the 

ground state N in an exothermic reaction of 50 kJ/mol. The last phase generates the aldol product 

and the energies are in relation to the summation of the total energies of water and N. N favours 

forming a complex with water as it is 59 kJ/mol lower in energy.  
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Table 4.1 The relative energies of the proline catalyzed asymmetric aldol reaction in 

the gas phase calculated by four methods with the def2-TZVP basis set 

using M06-2X optimized geometries.  

 Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-CCSD LPNO-

pCCSD/IIa 

A + B 0.00 0.00 0.00 0.00 

C -24.46 -15.13 -21.43 -22.04 

DTS 105.44 120.66 127.99 118.09 

E -40.31 -11.04 -27.18 -27.57 

FTS 35.31 54.70 63.27 58.18 

G -3.42 20.84 18.36 14.36 

H 0.00 0.00 0.00 0.00 

ITS 42.46 30.42 51.60 48.95 

J -44.22 -37.76 -48.88 -47.99 

K + J 0.00 0.00 0.00 0.00 

L -43.19 -18.79 -29.23 -29.49 

MTS 2.15 -1.07 18.87 16.12 

N -48.32 -37.55 -32.96 -33.44 

O + N 0.00 0.00 0.00 0.00 

P -71.06 -54.10 -57.85 -58.42 

QTS -7.44 -4.46 9.58 7.57 

R -90.18 -81.67 -93.08 -90.72 

STS -41.16 -39.21 -41.12 -41.27 

T -48.56 -45.64 -45.95 -46.08 

UTS -43.66 -40.58 -34.49 -36.58 

V -44.38 -41.28 -36.48 -38.64 

WTS -40.59 -40.85 -34.88 -36.61 

X -67.48 -77.91 -75.89 -70.90 

Y + B -51.59 -72.22 -63.24 -58.89 



 

 

 

Figure 4.4  The relative energies in the gas phase of the complexes in the proline catalyzed direct aldol reaction of acetone 

and acetaldehyde calculated by four different methods. The four reference complexes for the relative energies, 

A + B, H, J + K, and O + N, are depicted by zero kJ/mol relative energies to show the start of each phase. 
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This complex leads to a hydrogen transfer and the hydration of P as depicted in QTS 

which is 66 kJ/mol higher in energy than P. This is followed by an exothermic step of 98 kJ/mol 

that converts QTS into R. An intramolecular hydrogen transfer occurs between the carboxylic 

acid and nitrogen which requires 49 kJ/mol to form STS which when complete is structure T, 

which is 5 kJ/mol lower in energy than STS. The hydrogen bond in T results in a hydrogen 

transfer which requires 10 kJ/mol, UTS and creates a carbonyl, V, which is 2 kJ/mol lower in 

energy. This causes the nitrogen carbon bond to start to break down in WTS by absorbing 2 

kJ/mol of energy. The breaking of the nitrogen carbon bond releases 34 kJ/mol of energy to form 

X. X then is broke down into the original catalysts A and the aldol product Y by absorbing 12 

kJ/mol. The gas phase mechanism is not very catalytic in nature as it would require energy in the 

rate limiting step which occurs very early in the mechanism. 

 

4.4.2 Energies of the Mechanism in Water 

The mechanism of the proline catalyzed asymmetric aldol reaction in water is different 

than in the gas phase and is more energetically favoured. The energies refered to in this section 

are obtained from Table 4.2 and are the LPNO-pCCSD/IIa//def2-TZVP relative energies. wC 

forms by absorbing 10 kJ/mol of energy to form a hydrogen bond between the proline and 

acetone. Transition state wDTS is 39 kJ/mol higher than wC and when it converts to zwitterion 

wE expels 48 kJ/mol. 7 kJ/mol of energy is required to reach transition state wFTS which then 

undergoes an exothermic relaxation to wG of 2 kJ/mol. The dehydration of wG requires 49.07 

kJ/mol to reach transition state wHTS. Terminating the first phase of the reaction is the 

generation of 61.70 kJ/mol by the relaxation of wHTS to wI.  
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The imine – enamine tautomerism is the limiting step of the reaction in the proposed 

mechanism. The transition state, wKTS, requires 101 kJ/mol to allow the reaction to proceed to 

wL which is 67 kJ/mol lower in energy. The addition of acetaldehyde to the enamine is 

coordinated by a hydrogen bond in wN which requires 14 kJ/mol to form. The transition state 

wOTS is 18 kJ/mol higher in energy than wN. wOTS gives off 85 kJ/mol in a very exothermic 

step to creat wP. The last phase of the mechanism is referenced against the total energies of wP 

and water and is initiated by the formation of two hydrogen bonds in wR. The addition of water 

to the complex as one of the hydrogen bonds leads to a hydrogen transfer in wSTS and requires 

85 kJ/mol to form. This transition state then converts to the wT ground state by releasing 77 

kJ/mol.   

 

An intramolecular hydrogen transfer in wUTS occurs between the carboxylic group and 

the nitrogen which requires 29 kJ/mol and once complete in wV is exothermic by 29 kJ/mol. The 

next step is the transition state which is the breaking of the carbon nitrogen bond to release the 

aldol product equires 50 kJ/mol. Once the cleavage is complete a hydrogen bond forms in wX 

which is 29 kJ/mol lower than wWTS. The complex only requires 0.04 kJ/mol to convert into the 

products. The mechanism in water is more favourable than the gas phase due to a lower energy 

requirement in the rate limiting step. 
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Table 4.2 The relative energies of the proline catalyzed asymmetric aldol reaction in 

H2O solvent calculated by four methods with the def2-TZVP basis set 

using M06-2X optimized geometries. 

 Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-CCSD LPNO-

pCCSD/IIa 

wA + wB 0.00 0.00 0.00 0.00 

wC -16.05 -6.98 -8.31 -9.54 

wDTS 13.15 33.37 34.83 29.51 

wE -22.34 4.37 -15.18 -18.44 

wFTS -18.29 2.81 -5.52 -10.97 

wG -28.06 1.21 -10.95 -12.72 

wHTS 17.47 39.12 41.52 36.35 

wI -32.37 -4.06 -22.59 -25.35 

wJ 0.00 0.00 0.00 0.00 

wKTS  79.76 66.30 105.90 101.03 

wL 19.75 22.48 36.07 34.25 

wM + wL 0.00 0.00 0.00 0.00 

wN -30.63 -8.12 -12.92 -14.00 

wOTS -7.56 -10.28 7.02 3.52 

wP -84.35 -72.06 -81.87 -81.89 

wQ + wP 0.00 0.00 0.00 0.00 

wR -41.58 -31.41 -20.12 -21.44 

wSTS 32.32 33.55 67.47 63.77 

wT -33.08 -27.99 -13.82 -13.69 

wUTS -2.09 0.07 19.06 15.40 

wV -27.54 -22.97 -12.92 -13.39 

wWTS 10.82 6.75 38.58 36.51 

wX -12.22 -23.22 3.95 7.05 

wY + wB -3.38 -27.09 4.25 7.09 



 
 

 

Figure 4.5  The relative energies in water of the complexes in the proline catalyzed direct aldol reaction of acetone and 

acetaldehyde calculated by four different methods. The four reference complexes for the relative energies, A + 

B, H, J + K, and O + N, are depicted by zero kJ/mol relative energies to show the start of each phase. 
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4.4.3 Energies of the Mechanism in DMSO 

The mechanism of the proline catalyzed asymmetric aldol reaction in DMSO is the same 

as for water and the energies are almost identical. The energies referred to in this section are 

obtained from Table 4.3 and are the LPNO-pCCSD/IIa//def2-TZVP relative energies. dC forms 

by absorbing 10 kJ/mol of energy to form a hydrogen bond between the proline and acetone. 

Transition state dDTS is 39 kJ/mol higher than dC and when it converts to zwitterion dE expels 

47 kJ/mol. 7 kJ/mol of energy is required to reach transition state dFTS which then undergoes an 

exothermic relaxation to dG of 2 kJ/mol. The dehydration of dG requires 50 kJ/mol to reach 

transition state dHTS. Terminating the first phase of the reaction is the generation of 61 kJ/mol in 

the relaxation of dHTS to dI.  

 

The imine – enamine tautomerism is the limiting step of the reaction in the proposed 

mechanism. The transition state, dKTS, requires 100 kJ/mol to allow the reaction to proceed to 

dL which is 67 kJ/mol lower in energy. The addition of acetaldehyde to the enamine is 

coordinated by a hydrogen bond in dN which requires 14 kJ/mol to form. The transition state 

dOTS is 18 kJ/mol higher in energy than dN. dOTS gives off 85 kJ/mol in a very exothermic step 

to creat dP. The last phase of the mechanism is referenced against total energies of dP and water 

and is initiated by the formation of two hydrogen bonds in dR requiring 22 kJ/mol. The addition 

of water to the complex as one of the hydrogen bonds leads to a hydrogen transfer in dSTS and 

requires 85 kJ/mol to form.  
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Table 4.3 The relative energies of the proline catalyzed asymmetric aldol reaction in 

DMSO solvent calculated by four methods with the def2-TZVP basis set 

using M06-2X optimized geometries. 

 Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-CCSD LPNO-

pCCSD/IIa 

dA + dB 0.00 0.00 0.00 0.00 

dC -16.18 -7.10 -8.53 -9.75 

dDTS 13.18 33.39 34.78 29.48 

dE -21.72 4.96 -14.42 -17.67 

dFTS -18.18 2.91 -5.40 -10.83 

dG -28.19 1.08 -11.20 -12.94 

dHTS 17.74 39.39 41.85 36.70 

dI -31.85 -3.57 -21.93 -24.69 

dJ 0.00 0.00 0.00 0.00 

dKTS 79.07 65.63 105.01 100.15 

dL 18.74 21.52 34.68 32.87 

dM + dL 0.00 0.00 0.00 0.00 

dN -30.83 -8.31 -13.19 -14.25 

dOTS  -7.42 -10.17 7.18 3.70 

dP -83.65 -71.40 -81.00 -81.00 

dQ + dP 0.00 0.00 0.00 0.00 

dR -42.03 -31.84 -20.75 -22.07 

dSTS 31.64 32.90 66.52 62.83 

dT -34.01 -28.88 -15.12 -14.97 

dUTS -2.86 -0.65 18.01 14.37 

dV -27.86 -23.28 -13.41 -13.88 

dWTS 9.95 5.91 37.32 35.20 

dX -13.16 -24.12 2.64 5.75 

dY + dB -4.23 -27.89 3.13 5.97 



 

 

Figure 4.6  The relative energies in DMSO of the complexes in the proline catalyzed direct aldol reaction of acetone and 

acetaldehyde calculated by four different methods. The four reference complexes for the relative energies, A + 

B, H, J + K, and O + N, are depicted by zero kJ/mol relative energies to show the start of each phase. 
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This transition state then converts to the dT ground state releasing 78 kJ/mol.  An 

intramolecular hydrogen transfer in dUTS occurs between the carboxylic group and the nitrogen 

which requires 29 kJ/mol and once complete in dV is exothermic by 28 kJ/mol. The next step is 

the transition state which involves the breaking of the carbon nitrogen bond to release the aldol 

product and requires 49 kJ/mol. Once the cleavage is complete a hydrogen bond forms in dX 

which is 29 kJ/mol lower than dWTS. This complex only requires 0.22 kJ/mol to break apart in 

the two products. The mechanism in DMSO like the mechanism in water is more favourable than 

the gas phase due to a lower energy requirement in the rate limiting step. In laboratory 

experiments DMSO is the preferred solvent for this reaction however since the mechanism and 

energetic requirement is similar for water it would be useful to attempt to carry out the reaction 

water as it is a more environmentally and cost effective solvent. 

 

4.5 Analysis of Methods 

LPNO-pCCSD/IIa is used as the benchmark for the single point energies of the structures 

of the proline catalyzed asymmetric aldol reaction. LPNO-pCCSD/IIa is based on coupled 

cluster theory which is more correct at modeling electron correlation and uses only three 

parameters to be nearly as accurate as CCSD(T). The deviation in relative energies for the gas 

phase can be found in Table 4.4 and visualized in Figure 4.7. The M06-2X method has a 

maximum deviation of 22.87 kJ/mol for the FTS transition state and constantly underestimates the 

energies of the structures.  The PBE1PBE method generally overestimates the energies of ground 

states and underestimates the energies of the transition states. The LPNO-CCSD method usually 

predicts higher energies than LPNO-pCCSD\IIa and the energies of transition states deviate 

higher than the ground states. 
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The DMSO and H2O deviations of relative energies calculated by M06-2X, PBE1PBE, 

and LPNO-CCSD from LPNO-pCCSD/IIa follow a nearly identical pattern for both solvent 

systems as tabulated in Tables 4.5 and 4.6 and visualized in Figures 4.8 and 4.9. Figures 4.8 and 

4.9 show the deviation between the three methods M06-2X, PBE1PBE, LPNO-CCSD and the 

reference LPNO-pCCSD/IIa method. The M06-2X method underestimates the energies for the 

entire mechanim with transition states having a larger energy deviation than the ground state. 

The PBE1PE method follows no pattern or trend. LPNO-CCSD has the smallest deviation from 

LPNO-pCCSD/IIa with nearly all the energies being higher. The transition state energy deviates 

more than the ground state. 
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Table 4.4 The deviation in relative energies of the proline catalyzed asymmetric 

aldol reaction in the gas phase calculated by four methods with the def2-

TZVP basis set using M06-2X optimized geometries from the LPNO-

pCCSD/IIa relative energy.  

 Deviation in Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-

CCSD/IIa 

C -2.42 -6.91 -0.61 

DTS -12.65 2.57 9.90 

E -12.74 16.53 0.38 

FTS -22.87 -3.48 5.10 

G -17.78 6.48 4.00 

ITS -6.49 -18.53 2.66 

J 3.77 10.23 -0.89 

L -13.70 10.70 0.26 

MTS -13.97 -17.19 2.74 

N -14.88 -4.11 0.48 

P -12.64 4.32 0.57 

QTS -15.01 -12.03 2.01 

R 0.54 9.05 -2.36 

STS 0.11 2.06 0.15 

T -2.48 0.44 0.13 

UTS -7.07 -3.99 2.10 

V -5.74 -2.64 2.15 

WTS -3.98 -4.24 1.73 

X 3.42 -7.01 -4.99 

Y + B 7.29 -13.33 -4.36 
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Table 4.5 The deviation in relative energies of the proline catalyzed asymmetric 

aldol reaction in H2O solvent calculated by four methods with the def2-

TZVP basis set using M06-2X optimized geometries from the LPNO-

pCCSD/IIa relative energy.  

 Deviation in Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-CCSD 

wC -6.51 2.56 1.24 

wDTS -16.36 3.86 5.31 

wE -3.89 22.81 3.27 

wFTS -7.32 13.78 5.45 

wG -15.34 13.93 1.76 

wHTS -18.89 2.77 5.16 

wI -7.02 21.29 2.76 

wKTS  -21.27 -34.73 4.86 

wL -14.49 -11.76 1.83 

wN -16.63 5.89 1.08 

wOTS -11.07 -13.80 3.50 

wP -2.46 9.83 0.02 

wR -20.14 -9.96 1.33 

wSTS -31.45 -30.22 3.70 

wT -19.39 -14.30 -0.13 

wUTS -17.50 -15.33 3.65 

wV -14.15 -9.58 0.48 

wWTS -25.68 -29.76 2.08 

wX -19.27 -30.27 -3.11 

wY + wB -10.47 -34.17 -2.84 
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Table 4.6 The deviation in relative energies of the proline catalyzed asymmetric 

aldol reaction in DMSO solvent calculated by four methods with the def2-

TZVP basis set using M06-2X optimized geometries from the LPNO-

pCCSD/IIa relative energy.  

 Deviation in Relative Energies (kJ/mol) 

Complex M06-2X PBE1PBE LPNO-CCSD 

dC -6.42 2.65 1.23 

dDTS -16.30 3.92 5.30 

dE -4.05 22.63 3.26 

dFTS -7.35 13.73 5.43 

dG -15.25 14.02 1.74 

dHTS -18.96 2.69 5.15 

dI -7.16 21.11 2.75 

dKTS -21.08 -34.52 4.86 

dL -14.13 -11.35 1.81 

dN -16.58 5.94 1.06 

dOTS  -11.12 -13.86 3.48 

dP -2.65 9.60 0.00 

dR -19.96 -9.77 1.32 

dSTS -31.19 -29.93 3.68 

dT -19.04 -13.91 -0.14 

dUTS -17.22 -15.02 3.64 

dV -13.98 -9.40 0.47 

dWTS -25.25 -29.29 2.12 

dX -18.92 -29.87 -3.12 

dY + dB -10.20 -33.87 -2.84 



 

 

Figure 4.7 The deviation in the relative calculated energy of three methods, M06-2X, PBE1PBE, and LPNO-CCSD, from the 

reference LPNO-pCCSD\IIa energy for each complex of the mechanism in the gas phase 
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Figure 4.8 The deviation in the relative calculated energy of three methods, M06-2X, PBE1PBE, and LPNO-CCSD, from the 

reference LPNO-pCCSD\IIa energy for each complex of the mechanism in water. 
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Figure 4.9 The deviation in the relative calculated energy of three methods, M06-2X, PBE1PBE, and LPNO-CCSD, from the 

reference LPNO-pCCSD\IIa energy for each complex of the mechanism in DMSO. 
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4.6 Summary 

The current DFT methods still have trouble predicting weak interactions especially when 

modeling zwitterions and bond breaking and formation. However, the optimization of the 

geometry is still adequate as the starting point for methods that can better predict single point 

energies. The use of the geometries predicted using DFT and the recalculation of the energies 

using LPNO-pCCSD\IIa provides an accurate depiction of the energy surface. The stability of 

the LPNO-pCCSD\Ia and LPNO-pCCSD\IIa methods is confirmed since in multiple different 

complexes with different chemical phenomena occurring there is minimal deviation.  

 

The older DFT method, PBE1PBE, has an erratic energy deviation from LPNO-

pCCSD\IIa and even for M06-2X as seen in Figures 4.6, 4.7, and 4.8. The older DFT methods 

have limited applicability outside of simple neutral molecules, despite this method being able to 

calculate the energy of large molecules it cannot be said that it accurately predicts the energy. 

The M06-2X setbacks with energy can be corrected by redefinition of its many empirical 

parameters. The gas phase mechanism of the proline catalyzed direct aldol reaction proposed 

using these modern techniques agrees with the one proposed by Rankin et al. previously.
25

 We 

extended on the mechanism by finding a transition state that eluded the first study and added two 

steps to the termination of the catalysis. In order to further gauge the applicability of the LPNO-

pCCSD\IIa method it would be useful to be able to use it in a solvent model and calculate 

frequencies to correct for ZVPE. 

 

The gas phase mechanism is hindered by a very large energy barrier early when the 

acetone coordinates to the proline. The proline catalyzed aldol reaction undergoes a different 
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initial mechanism to bypass the rate limiting step in the gas phase. However, the solvents 

stabilizing the imine complex prevents a hydrogen transfer from happening as easily in the gas 

phase. There is still an approximate difference of 50 kJ/mol in the rate limiting step from the gas 

phase which allows the solvent reaction to be carried out more readily. 
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Chapter 5: 

Conclusions and Future Work 
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5.1 Computational Methods 

 It is important to fully assess the capabilities of a software package before employing it to 

solve a problem. Not all software follows the same algorithm to carry out a calculation using the 

same method. In section 2.10.6 this is evident as different assumptions about how to calculate the 

CCSD(T) single point energies involving effective core potentials lead to different results. This 

is the result of programs dropping MOs in order expedite the calculation. Programs also use 

different programming logic, some are vector driven while others are written to use matrices. 

The way a program is written can influence the time requirement of a calculation or introduce 

unwanted errors. The above points should be considered before carrying out calculations. 

5.2 Halogen Bonding  

The B97D method and LANL2DZ basis set is inadequate for the problem of halogen 

bonding. The deviation from the reference values is too large. The LANL2DZ basis set when 

combined with MP2 required 0.93 min on average to converge and achieved a MAD of 13.85 

kJ/mol by allotting 36.38 more minutes to the optimization time by using the def2-TZVP basis 

set with MP2 the accuracy is increased by 11.95 kJ/mol to a MAD of 1.90 kJ/mol. This is a 

reasonable amount of time to budget for a much more accurate description of the dissociation 

energy. The def2-TZVP basis set is time efficient and predicts the most accurate dissociation 

energies with a MAD of 2.00 kJ/mol, 2.01 kJ/mol and 1.90 kJ/mol when combined with the 

M06-2X, ωB97XD, and MP2 methods respectively. The accuracy and efficiency of the cc-pVTZ 

basis set is not much higher than that of the def2-TZVP basis set. The def2-TZVP basis set is a 

clear favourite to be used to benchmark these methods against the Hal77/12 database due to its 

accuracy and that it is optimized for iodine. 
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The ωB97XD method is very good at predicting the dissociation energies of halogen 

bond complexes with M06-2X not being far behind. Using the larger analog of the def2-TZVP 

basis set, the def2-TZVP basis set, it is possible to be very close to the dissociation energy 

calculated by CCSD(T)/def2-TZVP. The strongest halogen bond acceptors are NH3 and CH2NH 

with dissociations energies in the 60 kJ/mol range when complexed with IF. They are followed 

by CH2S, CH2PH, and PH3 which have dissociation energies in the 40 kJ/mol range when 

complexed with IF. When H2O, C2H4, HCN, CH2O, and SH2 are in complexes with IF their 

dissociation energies are in the 30 kJ/mol range. The worst halogen bond acceptor is C2H2 since 

when it forms a non-covalent bond with IF the complex has a dissociation energy of only 25 

kJ/mol. A larger difference in the electronegativity of the atoms of the halogen diatomic leads to 

a larger deviation from the CCSD(T)/def2-TZVP calculated energies.  

 

The optimization of geometries does not have to be carried out using CCSD(T)/def2-

TZVP as there is little deviation between the DFT methods and MP2 optimized non-covalent 

halogen bond length. As the dissociation energy increases in a complex the larger the difference 

in bond length of the halogen diatomic. This is a result of the valence electron repulsion 

unerdgone by the halogen bond donor. The Mulliken charge analysis shows that non-covalent 

halogen bond interactions are driven by charge separation between the two halogen bond donor 

and acceptor. This is true except for complexes involving CH2S and CH2PH. The interaction is 

driven by the delocalized nature of particular MOs as opposed to overall atomic charges. 
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5.3 Proline Catalyzed Direct Aldol Reaction 

Current DFT methods still have trouble predicting weak interactions especially when 

modeling zwitterions and bond breaking and formation. However, the optimization of the 

geometry is still adequate as the starting point for methods that can better predict single point 

energies. The use of the geometries predicted using DFT and the recalculation of the energies 

using LPNO-pCCSD\IIa provides an accurate depiction of the energy surface. The stability of 

the LPNO-pCCSD\Ia and LPNO-pCCSD\IIa methods is confirmed since in multiple different 

complexes with different chemical phenomena occurring there is minimal deviation.  

 

The older DFT method, PBE1PBE, has an erratic energy deviation from LPNO-

pCCSD\IIa and even from M06-2X. The older DFT methods have limited applicability outside 

of simple neutral molecules, despite being able to calculate the energies of large molecules it 

cannot be said that it accurately predicts the energy. The M06-2X setbacks with energy can be 

corrected by redefinition of its many empirical parameters. We extended the mechanism by 

finding a transition state that eluded the first study and added two steps to the termination of the 

catalysis. In order to further gauge the applicability of the LPNO-pCCSD\IIa method it would be 

useful to be able to use it in a solvent model and calculate frequencies to correct for ZVPE. 

 

The gas phase mechanism is hindered by a very large early energy barrier when the 

acetone coordinates to the proline. The proline catalyzed aldol reaction undergoes a different 

initial mechanism to omit the rate limiting step in the gas phase. However, the solvent stabilizing 

the imine complex prevents a hydrogen transfer from happening as easily in the gas phase. There 
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is still an approximate difference of 50 kJ/mol in the rate limiting step from the gas phase which 

allows the solvent reaction to be carried out more readily. 

 

5.4 Future Work 

It would be very interesting to investigate halogen bonding being used to increase the 

selectivity and decrease the energy requirement of the mechanism. Through the modification of 

the proline skeleton it is possible to tune the selectivity of the catalyst. The mechanism becomes 

more complex and harder to evaluate. However, this is a worthwhile trade off as the tasks carried 

out by simple organocatalyst would be cheaper to manufacture than a complex enzyme. The 

evalution of the Hal77/12 by the parameterized coupled cluster method would further increase 

the understanding of the applicability of the method. 
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Appendix A: 

CT7/04 Dissociation Energies 
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Table A.1 Calculated dissociation energies of  the H4C2 – F2 complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 5.19 3.50 27.02 0.57 

LANL2DZ 9.56 9.48 56.77 10.76 

def2-TZVP 3.98 2.64 29.58 6.73 

6-311G++(2d,2p) 6.54 4.77 44.64 19.97 

 

Table A.2 Calculated dissociation energies of  the H3N – F2 complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 8.54 7.71 43.88 8.03 

LANL2DZ 24.07 37.48 92.05 38.20 

def2-TZVP 7.99 6.93 45.96 8.22 

6-311G++(2d,2p) 9.31 9.35 55.61 3.77 

  



123 

Table A.3 Calculated dissociation energies of the H2C2 – ClF complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 19.08 15.16 20.81 16.95 

LANL2DZ 20.43 17.89 31.11 10.08 

def2-TZVP 19.07 15.17 21.11 17.30 

6-311G++(2d,2p) 20.57 18.20 25.92 18.93 

 

Table A.4 Calculated dissociation energies of the HCN – ClF complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 21.23 18.30 17.73 21.41 

LANL2DZ 30.03 27.68 29.85 26.36 

def2-TZVP 21.02 18.26 17.99 21.28 

6-311G++(2d,2p) 22.21 21.04 21.16 23.72 
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Table A.5 Calculated dissociation energies of the H3N – Cl2 complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 25.05 24.90 39.27 23.70 

LANL2DZ 59.19 61.79 91.72 42.19 

def2-TZVP 24.03 23.28 35.78 23.14 

6-311G++(2d,2p) 26.04 25.83 40.04 25.83 

 

Table A.6 Calculated dissociation energies of the H2O – ClF complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 28.88 26.52 33.04 25.73 

LANL2DZ 40.93 39.20 47.49 32.58 

def2-TZVP 27.14 24.65 29.81 24.20 

6-311G++(2d,2p) 27.53 25.99 31.17 24.16 
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Table A.7 Calculated dissociation energies of  the H3N – ClF complex from the 

CT7/04 database by four different methods coupled with four different 

basis sets. 

 

Method 

Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 46.49 48.76 64.37 46.96 

LANL2DZ 66.30 72.51 99.52 60.65 

def2-TZVP 45.41 48.11 63.88 48.02 

6-311G++(2d,2p) 49.01 53.58 70.70 51.75 
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Appendix B: 

CT7/04 Absolute Deviation of Dissociation Energies 
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Table B.1 Absolute deviation between the calculated dissociation energies of the 

H4C2 – F2 complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 4.44 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 0.76 0.94 22.59 3.87 

LANL2DZ 5.13 5.04 52.33 6.33 

def2-TZVP 0.45 1.79 25.15 2.29 

6-311G++(2d,2p) 2.11 0.34 40.20 15.54 

 

Table B.2 Absolute deviation between the calculated dissociation energies of the 

H3N – F2 complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 7.57 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 0.97 0.14 36.31 0.45 

LANL2DZ 16.50 29.90 84.48 30.62 

def2-TZVP 0.42 0.64 38.39 0.65 

6-311G++(2d,2p) 1.73 1.77 48.03 3.80 
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Table B.3 Absolute deviation between the calculated dissociation energies of the 

H2C2 – ClF complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 15.94 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 3.14 0.78 4.87 1.01 

LANL2DZ 4.49 1.94 15.17 5.86 

def2-TZVP 3.12 0.78 5.17 1.36 

6-311G++(2d,2p) 4.63 2.25 9.98 2.99 

 

Table B.4 Absolute deviation between the calculated dissociation energies of the 

HCN – ClF complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 20.33 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 0.90 2.04 2.61 1.08 

LANL2DZ 9.70 7.35 9.52 6.03 

def2-TZVP 0.68 2.07 2.35 0.94 

6-311G++(2d,2p) 1.88 0.70 0.83 3.39 
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Table B.5 Absolute deviation between the calculated dissociation energies of the 

H3N – Cl2 complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 20.33 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 4.63 4.48 18.85 3.28 

LANL2DZ 38.77 41.37 71.30 21.77 

def2-TZVP 3.62 2.86 15.37 2.72 

6-311G++(2d,2p) 5.62 5.41 19.62 5.41 

 

Table B.6 Absolute deviation between the calculated dissociation energies of the 

H2O – ClF complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 20.42 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 6.45 4.09 10.61 3.30 

LANL2DZ 18.51 16.78 25.07 10.15 

def2-TZVP 4.72 2.22 7.38 1.77 

6-311G++(2d,2p) 5.10 3.56 8.74 2.03 
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Table B.7 Absolute deviation between the calculated dissociation energies of the 

H3N – ClF complex from the CT7/04 database by four different methods 

coupled with four different basis sets benchmarked against the W1 energy 

of 44.43 kJ/mol. 

 

Method 

Deviation in Dissociation Energy (kJ/mol) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 2.06 4.32 19.93 2.52 

LANL2DZ 21.87 28.08 55.09 16.21 

def2-TZVP 0.98 3.68 19.44 3.58 

6-311G++(2d,2p) 4.57 9.14 26.27 7.31 
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Appendix C: 

CT7/04 Calculation Times 
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Table C.1 Time required to optimize the H4C2 – F2 complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 49.34 59.85 30.75 94.44 

LANL2DZ 7.20 5.19 3.18 1.05 

def2-TZVP 61.06 55.57 20.41 44.30 

6-311G++(2d,2p) 53.13 37.85 15.61 28.35 

 

Table C.2  Time required to optimize the H3N – F2 complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 14.74 20.79 9.53 19.06 

LANL2DZ 3.11 1.77 1.38 0.57 

def2-TZVP 10.28 16.47 5.81 10.48 

6-311G++(2d,2p) 10.94 11.32 4.21 2.37 
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Table C.3  Time required to optimize the H2C2 – ClF complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 122.65 166.87 80.37 297.32 

LANL2DZ 15.00 97.40 6.90 2.25 

def2-TZVP 100.95 102.05 63.32 174.78 

6-311G++(2d,2p) 75.08 74.10 43.65 83.13 

 

Table C.4  Time required to optimize the HCN – ClF complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 4.25 9.36 3.52 8.80 

LANL2DZ 0.60 0.70 0.61 0.48 

def2-TZVP 3.63 7.98 3.53 7.91 

6-311G++(2d,2p) 2.16 3.62 1.86 4.89 
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Table C.5 Time required to optimize the H3N – Cl2 complex from the CT7/04 

database by  four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 17.89 27.15 11.90 20.82 

LANL2DZ 2.55 2.12 1.53 0.64 

def2-TZVP 15.83 18.58 7.90 11.51 

6-311G++(2d,2p) 9.79 14.42 6.56 8.71 

 

Table C.6 Time required to optimize the H2O – ClF complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 10.77 17.85 7.22 11.25 

LANL2DZ 2.94 2.61 1.48 0.90 

def2-TZVP 8.48 13.86 5.70 7.87 

6-311G++(2d,2p) 7.38 9.06 4.11 6.62 
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Table C.7 Time required to optimize the H3N – ClF complex from the CT7/04 

database by four methods combined with four basis sets. 

 

Method 

Optimization Time (min) 

 M06-2X ωB97XD B97D MP2 

B
as

is
 S

et
 

cc-pVTZ 9.18 13.84 8.34 13.70 

LANL2DZ 2.14 1.87 1.48 0.59 

def2-TZVP 7.32 10.69 5.73 6.45 

6-311G++(2d,2p) 6.55 8.23 5.47 4.77 
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Appendix D: 

H77/12 Dissociation Energies 



 

Table D.1 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor NH3 and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H3N - I2 38.11 33.94 37.74 33.95 38.11 33.72 

H3N - IBr 49.46 45.59 49.29 45.62 49.12 43.84 

H3N - ICl 55.57 51.88 55.69 52.54 55.39 49.44 

H3N - IF 75.79 73.28 75.09 72.72 74.22 67.09 

H3N - Br2 32.34 28.12 32.62 28.85 33.20 29.09 

H3N - BrCl 37.87 33.52 39.36 35.74 39.89 34.85 

H3N - BrF 62.56 59.60 64.50 61.75 64.78 56.88 

  

1
3
7
 



 

Table D.2 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor H2O and seven halogen donating diatomics.  

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2O - I2 23.84 20.32 21.35 18.25 20.93 19.31 

H2O - IBr 30.55 26.88 27.80 24.47 26.12 24.57 

H2O - ICl 34.57 30.80 31.70 28.47 30.50 27.91 

H2O - IF 47.16 44.07 43.24 40.30 41.19 37.70 

H2O - Br2 19.72 16.46 17.70 14.81 18.14 16.49 

H2O - BrCl 23.30 19.74 21.53 18.47 21.18 19.19 

H2O - BrF 36.69 33.20 34.96 31.76 33.84 30.66 

  

1
3
8
 



 

Table D.3 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor C2H4 and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H4C2 - I2 19.30 18.07 17.01 16.17 21.31 15.39 

H4C2 - IBr 25.39 24.08 22.57 21.67 27.30 19.98 

H4C2 - ICl 28.96 27.52 25.99 25.28 30.88 22.89 

H4C2 - IF 41.94 41.48 38.86 38.77 44.11 33.77 

H4C2 - Br2 16.97 15.66 14.36 13.35 19.20 13.45 

H4C2 - BrCl 19.83 18.27 17.28 16.24 22.49 15.94 

H4C2 - BrF 32.81 31.56 30.96 30.22 37.02 26.49 

  

1
3
9
 



 

Table D.4 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor C2H2 and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2C2 - I2 16.14 15.36 13.53 13.02 16.36 12.33 

H2C2 - IBr 21.24 20.34 17.91 17.32 20.46 15.84 

H2C2 - ICl 24.33 23.27 20.66 20.18 23.15 18.13 

H2C2 - IF 34.62 34.23 30.38 30.35 31.77 25.67 

H2C2 - Br2 13.94 13.06 11.15 10.51 14.59 10.74 

H2C2 - BrCl 16.44 15.35 13.52 12.85 17.05 12.78 

H2C2 - BrF 27.13 26.15 23.85 23.32 26.16 20.24 

  

1
4
0
 



 

Table D.5 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor HCN and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

HCN - I2 17.60 16.38 15.98 14.79 19.34 15.91 

HCN - IBr  24.05 22.87 22.05 20.91 24.76 20.66 

HCN - ICl  28.11 26.87 25.92 25.00 28.52 23.89 

HCN - IF  41.37 41.13 38.50 38.13 40.04 33.94 

HCN - Br2 14.30 12.88 12.73 11.41 16.58 13.62 

HCN - BrCl  17.70 16.04 16.24 14.89 20.03 16.61 

HCN - BrF  30.51 29.25 28.89 27.76 31.41 26.36 

  

1
4
1
 



 

Table D.6 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor CH2O and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

CH2O - I2  21.41 20.11 18.27 17.15 20.82 18.21 

CH2O - IBr  27.70 26.48 24.32 23.30 26.18 23.14 

CH2O - ICl  31.55 30.29 28.05 27.29 29.70 26.31 

CH2O - IF  44.50 44.23 39.63 39.55 40.01 35.95 

CH2O - Br2 18.45 16.88 15.36 14.06 18.34 15.97 

CH2O - BrCl  21.76 20.05 18.83 17.60 21.68 18.92 

CH2O - BrF  34.77 33.47 32.15 31.31 33.46 29.45 

  

1
4
2
 



 

Table D.7 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor CH2S and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

CH2S - I2 27.08 25.98 24.21 23.00 28.56 21.88 

CH2S - IBr  35.95 35.06 33.05 31.89 36.53 28.96 

CH2S - ICl  40.42 39.64 38.02 37.31 40.86 32.79 

CH2S - IF  58.02 58.24 56.39 56.42 56.25 47.31 

CH2S - Br2 24.52 23.10 21.49 20.05 26.11 19.42 

CH2S - BrCl  28.06 26.52 26.04 24.72 30.38 22.90 

CH2S - BrF  49.26 48.98 48.56 48.06 50.49 39.95 

  

1
4
3
 



 

Table D.8 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor CH2NH and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2CHN - I2  34.43 32.64 33.72 32.08 37.05 30.99 

H2CHN - IBr  46.20 44.58 45.37 43.98 48.35 41.04 

H2CHN - ICl  52.80 51.34 52.16 51.29 54.92 46.84 

H2CHN - IF  74.74 74.27 73.03 72.95 74.76 65.49 

H2CHN - Br2  28.71 26.44 28.38 26.46 31.79 26.31 

H2CHN - BrCl  34.22 31.75 35.02 33.32 38.47 31.86 

H2CHN - BrF  60.45 59.23 61.24 60.49 64.36 54.22 

  

1
4
4
 



 

Table D.9 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor CH2PH and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2CHP - I2  17.13 15.97 16.12 15.11 20.36 14.70 

H2CHP - IBr  24.65 23.30 23.82 22.65 28.13 20.52 

H2CHP - ICl  29.53 28.17 29.05 28.23 33.10 24.26 

H2CHP - IF  50.66 50.14 50.95 50.95 52.99 40.41 

H2CHP - Br2  14.81 13.53 13.22 12.05 17.55 12.39 

H2CHP - BrCl  17.74 16.18 16.94 15.69 21.32 15.15 

H2CHP - BrF  40.53 39.82 41.33 41.08 45.89 30.65 

  

1
4
5
 



 

Table D.10 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor PH3 and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H3P - I2 20.00 18.97 18.41 17.64 22.03 16.00 

H3P - IBr 29.78 28.85 27.61 26.90 31.34 22.95 

H3P - ICl 35.22 34.36 33.51 33.42 36.97 27.25 

H3P - IF 56.90 56.95 55.95 56.86 57.70 44.87 

H3P - Br2 17.22 16.04 15.35 14.42 19.22 13.44 

H3P - BrCl 20.75 19.31 19.90 19.07 24.13 16.68 

H3P - BrF 48.10 48.27 48.02 48.94 52.88 36.24 

  

1
4
6
 



 

Table D.11 Calculated dissociation energies by six unique method and basis set combinations of seven halogen bonded 

complexes between the halogen bond acceptor SH2 and seven halogen donating diatomics. 

Complex 

Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2S - I2 19.70 18.10 17.50 16.11 19.16 14.92 

H2S - IBr 25.83 24.28 23.57 22.10 24.82 19.80 

H2S - ICl 29.26 27.64 27.25 26.04 28.14 22.65 

H2S - IF 41.89 41.03 40.20 39.45 39.64 32.84 

H2S - Br2 17.45 15.76 14.87 13.39 16.96 13.03 

H2S - BrCl 20.16 18.36 18.17 16.68 20.05 15.55 

H2S - BrF 33.72 32.30 33.22 31.97 33.72 26.64 

 

1
4
7
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Appendix E: 

H77/12 Absolute Deviations in Dissociation Energy 



 

Table E.1 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor NH3 and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H3N - I2 4.40 0.22 4.03 0.23 4.39 

H3N - IBr 5.63 2.31 3.23 0.10 1.55 

H3N - ICl 6.13 2.44 6.24 3.10 5.95 

H3N - IF 8.71 6.20 8.00 5.64 7.13 

H3N - Br2 3.25 0.97 3.53 0.24 4.11 

H3N - BrCl 3.02 1.33 4.52 0.89 5.04 

H3N - BrF 5.68 2.72 7.62 4.87 7.89 

  

1
4
9
 



 

Table E.2 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor H2O and seven halogen donating diatomics.  

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2O - I2 4.52 1.00 2.04 1.06 1.62 

H2O - IBr 5.97 2.31 3.23 0.10 1.55 

H2O - ICl 6.66 2.89 3.79 0.56 2.59 

H2O - IF 9.46 6.36 5.54 2.60 3.49 

H2O - Br2 3.23 0.02 1.21 1.68 1.66 

H2O - BrCl 4.11 0.54 2.33 0.72 1.98 

H2O - BrF 6.03 2.54 4.31 1.10 3.19 

  

1
5
0
 



 

Table E.3 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor C2H4 and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H4C2 - I2 3.91 2.68 1.62 0.78 5.92 

H4C2 - IBr 5.42 4.10 2.59 1.69 7.22 

H4C2 - ICl 6.07 4.63 3.10 2.39 7.99 

H4C2 - IF 8.17 7.72 5.09 5.00 10.34 

H4C2 - Br2 3.52 2.20 0.91 0.10 5.75 

H4C2 - BrCl 3.89 2.33 1.34 0.29 6.54 

H4C2 - BrF 6.32 5.06 4.47 3.73 10.52 

  

1
5
1
 



 

Table E.4 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor C2H2 and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2C2 - I2 3.80 3.03 1.20 0.69 4.03 

H2C2 - IBr 5.40 4.50 2.06 1.47 4.62 

H2C2 - ICl 6.19 5.14 2.52 2.05 5.02 

H2C2 - IF 8.95 8.56 4.72 4.68 6.10 

H2C2 - Br2 3.20 2.31 0.40 0.24 3.84 

H2C2 - BrCl 3.67 2.57 0.74 0.08 4.28 

H2C2 - BrF 6.89 5.91 3.61 3.08 5.92 

  

1
5
2
 



 

Table E.5 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor HCN and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

HCN - I2 1.70 0.47 0.07 1.12 3.44 

HCN - IBr  3.39 2.22 1.39 0.25 4.10 

HCN - ICl  4.23 2.99 2.04 1.11 4.63 

HCN - IF  7.43 7.39 4.56 4.20 6.10 

HCN - Br2 0.68 0.75 0.89 2.21 2.96 

HCN - BrCl  1.09 0.57 0.36 1.72 3.42 

HCN - BrF  4.15 2.89 2.53 1.40 5.05 

  

1
5
3
 



 

Table E.6 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor CH2O and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CH2O - I2  3.20 1.91 0.07 1.06 2.61 

CH2O - IBr  4.56 3.34 1.18 0.16 3.03 

CH2O - ICl  5.24 3.98 1.75 0.98 3.40 

CH2O - IF  8.55 8.28 3.68 3.60 4.06 

CH2O - Br2 2.47 0.91 0.61 1.91 2.37 

CH2O - BrCl  2.84 1.13 0.09 1.33 2.76 

CH2O - BrF  5.32 4.02 2.70 1.86 4.00 

  

1
5
4
 



 

Table E.7 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor CH2S and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CH2S - I2 5.20 4.10 2.33 1.12 6.68 

CH2S - IBr  6.99 6.09 4.09 2.93 7.57 

CH2S - ICl  7.63 6.86 5.23 4.52 8.07 

CH2S - IF  10.72 10.93 9.09 9.19 8.95 

CH2S - Br2 5.10 3.68 2.07 0.63 6.69 

CH2S - BrCl  5.16 3.62 3.14 1.82 7.48 

CH2S - BrF  9.31 9.03 8.60 8.11 10.54 

  

1
5
5
 



 

Table E.8 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor CH2NH and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2CHN - I2  3.44 1.65 2.73 1.09 6.06 

H2CHN - IBr  5.16 3.54 4.32 2.94 7.31 

H2CHN - ICl  5.96 4.49 5.31 4.45 8.07 

H2CHN - IF  9.25 8.78 7.54 7.46 9.27 

H2CHN - Br2  2.39 0.13 2.07 0.15 5.47 

H2CHN - BrCl  2.36 0.11 3.16 1.46 6.61 

H2CHN - BrF  6.23 5.01 7.02 6.27 10.14 

  

1
5
6
 



 

Table E.9 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor CH2PH and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2CHP - I2  2.44 1.27 1.43 0.41 5.66 

H2CHP - IBr  4.13 2.78 3.30 2.13 7.61 

H2CHP - ICl  5.27 3.91 4.79 3.97 8.84 

H2CHP - IF  10.25 9.73 10.53 10.54 12.58 

H2CHP - Br2  2.42 1.15 0.83 0.34 5.16 

H2CHP - BrCl  2.60 1.04 1.79 0.54 6.18 

H2CHP - BrF  9.88 9.16 10.68 10.43 15.24 

  

1
5
7
 



 

Table E.10 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor PH3 and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H3P - I2 4.00 2.97 2.41 1.63 6.03 

H3P - IBr 6.83 5.91 4.67 3.95 8.40 

H3P - ICl 7.97 7.11 6.26 6.17 9.73 

H3P - IF 12.02 12.08 11.08 11.98 12.83 

H3P - Br2 3.78 2.60 1.91 0.98 5.78 

H3P - BrCl 4.07 2.63 3.22 2.39 7.45 

H3P - BrF 11.86 12.03 11.78 12.70 16.63 

  

1
5
8
 



 

Table E.11 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor SH2 and seven halogen donating diatomics. 

Complex 

Deviation in Dissociation Energy (kJ/mol) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2S - I2 4.78 3.18 2.58 1.19 4.23 

H2S - IBr 6.04 4.49 3.77 2.31 5.02 

H2S - ICl 6.61 4.99 4.60 3.39 5.49 

H2S - IF 9.05 8.19 7.36 6.61 6.79 

H2S - Br2 4.42 2.73 1.84 0.36 3.93 

H2S - BrCl 4.61 2.81 2.63 1.13 4.50 

H2S - BrF 7.08 5.65 6.58 5.32 7.08 

 

1
5
9
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Appendix F: 

H77/12 CCSD(T)/def2-TZVP Optimized Geometries 



161 

Figure F.1 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with NH3 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H3N – I2 H3N – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

6I-5I: 

5I-1N: 

1N-3H: 

2.73885 

2.79251 

1.01636 

6Br-5I: 

5I-1N: 

1N-3H: 

2.54656 

2.68455 

1.01641 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1N-3H: 103.217˚ 6Br-5I-1N-3H: 88.447˚ 
 

H3N – ICl H3N – IF 

  

Bond Distance (Å) Bond Distance (Å) 

6Cl-5I: 

5I-1N: 

1N-3H: 

2.39027 

2.64296 

1.01645 

6F-5I: 

5I-1N: 

1N-3H: 

1.95952 

2.53310 

1.01648 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Cl-5I-1N-3H: -33.277˚ 6F-5I-1N-3H: 92.383˚ 
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Figure F.2 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with NH3 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H3N – Br2 H3N – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

6Br-5Br: 

5Br-1N: 

1N-3H: 

2.32394 

2.67682 

1.01237 

6Cl-5Br: 

5Br-1N: 

1N-3H: 

2.20435 

2.59230 

1.01597 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Br-5Br-1N-3H: -74.412˚ 6Cl-5Br-1N-3H: 134.694˚ 
 

H3N – BrF 

 

Bond Distance (Å) 

6F-5Br: 

5Br-1N: 

1N-3H: 

1.81944 

2.39592 

1.01593 

Dihedral Angle (
o
) 

6F-5Br-1N-3H: -23.089˚ 
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Figure F.3 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with H2O optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2O – I2 H2O – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

5I-1I: 

1I-2O: 

2O-4H: 

2.71000 

2.94706 

0.96416 

5Br-1I: 

1I-2O: 

2O-4H: 

2.51199 

2.85200 

0.96436 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1P-2H: -64.553˚˚ 6Br-5I-1P-2H: -64.221˚ 
 

H2O – ICl H2O – IF 

  

Bond Distance (Å) Bond Distance (Å) 

5Cl-1I: 

1I-2O: 

2O-4H: 

2.35590 

2.80203 

0.96445 

5F-1I: 

1I-2O: 

2O-4H: 

1.93269 

2.66980 

0.96495 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Cl-1I-2O-4H: -93.783˚ 6F-5I-1O-3H: -61.671˚ 
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Figure F.4 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with H2O optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2O – Br2 H2O – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

5Br-1Br: 

1Br-2O: 

2O-4H: 

2.32012 

2.82987 

0.96398 

5Cl-1Br: 

1Br-2O: 

2O-4H: 

2.16981 

2.77449 

0.95773 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Br-1Br-2O-4H: -57.533˚ 5Cl-1Br-2O-4H: 82.847˚ 
 

H2O – BrF 

 

Bond Distance (Å) 

5F-1Br: 

1Br-2O: 

2O-4H: 

1.78402 

2.57908 

0.96481 

Dihedral Angle (
o
) 

6I-5I-1P-2H: -52.925˚ 
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Figure F.5 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with C2H4 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H4C2 – I2 H4C2 – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

8I-7I: 

7I-Double Bond: 

2C-1C: 

2.71393 

3.23252 

1.34064 

8Br-7I: 

7I-Double Bond: 

2C-1C: 

2.51880 

3.08877 

1.34240 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

8I-1I-1C-4H: -59.159˚ 8Br-7I-1C-4H: -59.262˚ 
 

H4C2 – ICl H4C2 – IF 

  

Bond Distance (Å) Bond Distance (Å) 

8Cl-7I: 

7I-Double Bond: 

2C-1C: 

2.36354 

3.02014 

1.34333 

8F-7I: 

7I-Double Bond: 

2C-1C: 

1.94431 

2.80026 

1.34831 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

8Cl-7I-1C-4H: -59.348˚ 8F-7I-1C-4H: -59.593˚ 
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Figure F.6 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with C2H4 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H4C2 – Br2 H4C2 – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

8Br-7Br: 

7Br-Double Bond: 

2C-1C: 

2.32433 

3.08484 

1.33998 

8Cl-7Br: 

7Br-Double Bond: 

2C-1C: 

2.17665 

3.00648 

1.34063 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

8Br-7Br-1C-4H H: -59.055˚ 8Cl-7Br-1C-4H: -59.141˚ 
 

H4C2 – BrF 

 

Bond Distance (Å) 

8F-7Br: 

7Br-Double Bond: 

2C-1C: 

1.79569 

2.71690 

1.34513 

Dihedral Angle (
o
) 

8F-7Br-1C-4H: -59.460˚ 
  



167 

Figure F.7 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with C2H2 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2C2 – I2 H2C2 – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

6I-5I: 

5I-Triple Bond: 

2C-1C: 

2.70773 

3.32126 

1.21124 

6Br-5I: 

5I-Triple Bond: 

2C-1C: 

2.50981 

3.19685 

1.21178 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-2C-4H: -0.101˚ 6Br-5I-2C-4H: 0.021˚ 
 

H2C2 – ICl H2C2 – IF 

  

Bond Distance (Å) Bond Distance (Å) 

6Cl-5I: 

5I-Triple Bond: 

2C-1C: 

2.35362 

3.13374 

1.21208 

6F-5I: 

5I-Triple Bond: 

2C-1C: 

1.93259 

2.94775 

1.21343 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Cl-5I-2C-4H: -0.012˚ 6F-5I-2C-4H: 0.000˚ 
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Figure F.8 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with C2H2 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2C2 – Br2 H2C2 – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

6Br-5Br: 

5Br-Triple Bond: 

2C-1C: 

2.31851 

3.17445 

1.21097 

6Cl-5Br: 

5Br-Triple Bond: 

2C-1C: 

2.16996 

3.10116 

1.21118 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Br-5Br-2C-4H: -0.017˚ 6Cl-5Br-2C-4H: 0.001˚ 
 

H2C2 – BrF 

 

Bond Distance (Å) 

6F-5Br: 

5Br-Triple Bond: 

2C-1C: 

1.78338 

2.86245 

1.21240 

Dihedral Angle (
o
) 

6F-5Br-2C-4H: 0.000˚ 
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Figure F.9 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with HCN optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

HCN – I2 HCN – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

4I-5I: 

5I-1N: 

1N-2C: 

2.70768 

3.10126 

1.15780 

5Br-4I: 

4I-1N: 

1N-2C: 

2.51041 

2.96871 

1.15728 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

4I-5I-1N-2C: ∞ 5Br-4I-1N-2C: ∞ 

 

HCN – ICl HCN – IF 

  

Bond Distance (Å) Bond Distance (Å) 

5Cl-4I: 

4I-1N: 

1N-2C: 

2.33780 

2.84045 

1.13987 

6F-5I: 

5I-1P: 

1P-2H: 

1.93441 

2.68762 

1.15574 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Cl-4I-1N-2C: ∞ 6F-5I-1N-3H: ∞ 
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Figure F.10 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with HCN optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

HCN – Br2 HCN – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

5Br-4Br: 

4Br-1N: 

1N-2C: 

2.31749 

2.96976 

1.15800 

5Cl-4Br: 

4Br-1N: 

1N-2C: 

2.16943 

2.89009 

1.15766 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Br-4Br-1N-2C: ∞ 5Cl-1Br-2O-4H: ∞ 

 

HCN – BrF 

 

Bond Distance (Å) 

5F-4Br: 

4Br-1N: 

1N-2C: 

1.78311 

2.63990 

1.15642 

Dihedral Angle (
o
) 

5F-4Br-1N-2C: ∞ 
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Figure F.11 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with CH2O optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

CH2O – I2 CH2O – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

2I-1I: 

1I-6O: 

6O-3C: 

2.70979 

2.95409 

1.21279 

2Br-1I: 

1I-6O: 

6O-3C: 

2.51208 

2.84578 

1.21370 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

2I-1I-6O-3C: 0.000˚ 2Br-1I-6O-3C: -0.000˚ 
 

CH2O – ICl CH2O – IF 

  

Bond Distance (Å) Bond Distance (Å) 

2Cl-1I: 

1I-6O: 

6O-3C: 

2.35603 

2.79039 

1.21424 

2F-1I: 

1I-6O: 

6O-3C: 

1.97225 

2.64162 

1.21594 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1P-2H: 0.000˚ 2F-1I-6O-3C: 0.000˚ 
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Figure F.12 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with CH2O optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

CH2O – Br2 CH2O – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

2Br-1Br: 

1Br-6O: 

6O-3C: 

2.31999 

2.82504 

1.21223 

2Cl-1Br: 

1Br-6O: 

6O-3C: 

2.17200 

2.75433 

1.21274 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

2Br-1Br-6O-3C: 0.000˚ 2Cl-1Br-6O-3C: 0.000˚ 
 

CH2O – BrF 

 

Bond Distance (Å) 

2F-1Br: 

1Br-6O: 

6O-3C: 

1.78538 

2.54317 

1.21481 

Dihedral Angle (
o
) 

2F-1Br-6O-3C: 0.000˚ 
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Figure F.13 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with CH2S optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CS – I2 H2CS – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

2I-1I: 

1I-6S: 

6S-3C: 

2.73249 

3.17962 

1.61851 

2Br-1I: 

1I-6S: 

6S-3C: 

2.54268 

3.04029 

1.61856 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

2I-1I-6S-3C: 0.000˚ 2Br-1I-6S-3C: 0.000˚ 
 

H2CS – ICl H2CS – IF 

  

Bond Distance (Å) Bond Distance (Å) 

2Cl-1I: 

1I-6S: 

6S-3C: 

2.38711 

2.98621 

1.61858 

2F-1I: 

1I-6S: 

6S-3C: 

1.96111 

2.82029 

1.61872 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

2Cl-1I-6S-3C: 0.000˚ 2F-1I-6S-3C: 0.000˚ 
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Figure F.14 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with CH2S optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CS – Br2 H2CS – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

2Br-1Br: 

1Br-6S: 

6S-3C: 

2.34470 

3.02204 

1.61814 

2Cl-1Br: 

2Br-6S: 

6S-3C: 

2.20009 

2.94653 

1.61806 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

2Br-1Br-6S-3C: 0.000˚ 2Cl-1Br-6S-3C: 0.000˚ 
 

H2CS – BrF 

 

Bond Distance (Å) 

2F-1Br: 

1Br-6S: 

6S-3C: 

1.82486 

2.67459 

1.61745 

Dihedral Angle (
o
) 

2F-1Br-6S-3C: 0.000˚ 
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Figure F.15 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with CH2NH optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CHN – I2 H2CHN – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

5I-6I: 

6I-7N: 

7N-1C: 

2.73506 

2.77674 

1.27547 

5Br-6I: 

6I-7N: 

7N-1C: 

2.54554 

2.64579 

1.27513 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5I-6I-7N-1C: -0.970˚ 5Br-6I-7N-1C: -1.401˚ 
 

H2CHN – ICl H2CHN – IF 

  

Bond Distance (Å) Bond Distance (Å) 

5Cl-6I: 

6I-7N: 

7N-1C: 

2.39075 

2.59451 

1.27508 

5F-6I: 

6I-7N: 

7N-1C: 

1.96236 

2.46335 

1.27511 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Cl-6I-7N-1C: -0.346˚ 5F-6I-7N-1C: -4.212˚ 
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Figure F.16 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with CH2NH optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CHN – Br2 H2CHN – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

5Br-6Br: 

6Br-7N: 

7N-1C: 

2.34308 

2.66020 

1.27529 

5Cl-6Br: 

6Br-7N: 

7N-1C: 

2.19088 

3.06097 

1.41396 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5Br-6Br-7N-1C: -4.367˚ 5Cl-6Br-7N-1C: -0.582˚ 
 

H2CHN – BrF 

 

Bond Distance (Å) 

6F-5Br: 

5Br-7N: 

7N-1C: 

1.82097 

2.33671 

1.27397 

Dihedral Angle (
o
) 

6F-5Br-7N-1C: -0.393˚ 
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Figure F.17 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with CH2PH optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CHP – I2 H2CHP – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

6I-7I: 

7I-4P: 

4P-1C: 

2.71919 

3.33212 

1.67254 

6Br-5I: 

5I-7P: 

7P-1C: 

2.53142 

3.12931 

1.67026 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-7I-4P-1C: -3.555˚ 6Br-5I-1P-2H: -0.660˚ 
 

H2CHP – ICl H2CHP – IF 

  

Bond Distance (Å) Bond Distance (Å) 

6Cl-5I: 

5I-7P: 

7P-1C: 

2.37971 

3.03787 

1.66893 

6F-5I: 

5I-7P: 

7P-1C: 

1.96731 

2.76235 

1.66373 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Cl-5I-7P-1C: -2.812˚ 6F-5I-7P-1C: 1.368˚ 
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Figure F.18 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with CH2PH optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2CHP – Br2 H2CHP – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

6Br-5Br: 

5Br-7P: 

7P-1C: 

2.32745 

3.20621 

1.67319 

6Cl-5Br: 

5Br-7P: 

7P-1C: 

2.18242 

3.11038 

1.67215 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Br-5Br-7P-1C: -0.045˚ 6Cl-5Br-7P-1C: -0.393˚ 
 

H2CHP – BrF 

 

Bond Distance (Å) 

6F-5Br: 

5Br-7P: 

7P-1C: 

1.83055 

2.62488 

1.66410 

Dihedral Angle (
o
) 

6F-5Br-7P-1C: -2.836˚ 
  



179 

Figure F.19 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with PH3 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H3P – I2 H3P – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

6I-5I: 

5I-1P: 

1P-2H: 

2.72526 

3.29836 

1.41429 

6Br-5I: 

5I-1P: 

1P-2H: 

2.54162 

3.08562 

1.41240 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1P-2H: -66.935˚ 6Br-5I-1P-2H: -180.000˚ 
 

H3P – ICl H3P – IF 

  

Bond Distance (Å) Bond Distance (Å) 

6Cl-5I: 

5I-1P: 

1P-2H: 

2.39061 

2.99916 

1.41150 

6F-5I: 

5I-1P: 

1P-2H: 

1.97225 

2.77355 

1.40897 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Cl-5I-1P-2H: -33.277˚ 6F-5I-1P-2H: 139.112˚ 
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Figure F.20 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with PH3 optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H3P – Br2 H3P – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

6Br-5Br: 

5I-1P: 

1P-2H: 

2.33357 

3.17616 

1.41481 

6Cl-5Br: 

5I-1P: 

1P-2H: 

2.19088 

3.06097 

1.41396 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6Br-5Br-1P-2H: -33.852˚ 6Cl-5Br-1P-2H: 180.000˚ 
 

H3P – BrF 

 

Bond Distance (Å) 

6F-5Br: 

5I-1P: 

1P-2H: 

1.84728 

2.58328 

1.40884 

Dihedral Angle (
o
) 

6F-5Br-1P-2H: 40.906˚ 
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Figure F.21 The intramolecular and intermolecular bond lengths and dihedral angle of 

four halogen bond donors in complex with H2S optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2S – I2 H2S – IBr 

  

Bond Distance (Å) Bond Distance (Å) 

5I-4I: 

4I-1S: 

1S-3H: 

2.71619 

3.36637 

1.34247 

5Br-4I: 

4I-1S: 

1S-3H: 

2.52099 

3.23443 

1.34272 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

5I-4I-1S-3H: -48.469˚ 5Br-4I-1S-3H: -46.641˚ 
 

H2S – ICl H2S – IF 

  

Bond Distance (Å) Bond Distance (Å) 

5Cl-4I: 

4I-1S: 

1S-3H: 

2.36525 

3.17620 

1.34283 

5F-4I: 

4I-1S: 

1S-3H: 

1.94264 

3.00490 

1.34310 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1P-2H: -46.721˚ 5F-4I-1S-3H: -46.974˚ 
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Figure F.22 The intramolecular and intermolecular bond lengths and dihedral angle of 

three halogen bond donors in complex with H2S optimized with 

CCSD(T)/def2-TZVP and visualized in Gaussview5. 

H2S – Br2 H2S – BrCl 

  

Bond Distance (Å) Bond Distance (Å) 

5Br-4Br: 

4Br-1S: 

1S-3H: 

2.32681 

3.22225 

1.34234 

5Cl-4Br: 

4Br-1S: 

1S-3H: 

2.17972 

3.14517 

1.34240 

Dihedral Angle (
o
) Dihedral Angle (

o
) 

6I-5I-1P-2H: -44.790˚ 5Cl-4Br-1S-3H: -45.182˚ 
 

H2S – BrF 

 

Bond Distance (Å) 

5F-4Br: 

4Br-1S: 

1S-3H: 

1.79756 

2.88322 

1.34289 

Dihedral Angle (
o
) 

6I-5I-1P-2H: -46.760˚ 
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Appendix G: 

H77/12 Non-Covalent Halogen Bond Length 



 

Table G.1 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor NH3 and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H3N - I2 2.778 2.772 2.800 2.802 2.734 2.793 

H3N - IBr 2.668 2.655 2.683 2.680 2.634 2.685 

H3N - ICl 2.629 2.599 2.635 2.626 2.594 2.643 

H3N - IF 2.508 2.497 2.531 2.517 2.495 2.533 

H3N - Br2 2.677 2.684 2.655 2.666 2.590 2.677 

H3N - BrCl 2.608 2.612 2.577 2.577 2.521 2.592 

H3N - BrF 2.377 2.366 2.393 2.383 2.341 2.396 

  

1
8
4
 



 

Table G.2 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor H2O and seven halogen donating diatomics.  

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2O - I2 2.876 2.896 2.908 2.939 2.908 2.947 

H2O - IBr 2.792 2.803 2.801 2.813 2.818 2.852 

H2O - ICl 2.753 2.757 2.756 2.760 2.760 2.802 

H2O - IF 2.633 2.620 2.633 2.630 2.630 2.670 

H2O - Br2 2.776 2.804 2.785 2.821 2.786 2.830 

H2O - BrCl 2.724 2.751 2.718 2.737 2.736 2.774 

H2O - BrF 2.563 2.563 2.536 2.540 2.530 2.579 

  

1
8
5
 



 

Table G.3 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor C2H4 and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H4C2 - I2 3.174 3.184 3.255 3.274 3.083 3.233 

H4C2 - IBr 3.067 3.068 3.101 3.110 2.947 3.089 

H4C2 - ICl 3.011 3.010 3.040 3.036 2.883 3.021 

H4C2 - IF 2.799 2.785 2.813 2.803 2.688 2.801 

H4C2 - Br2 3.034 3.052 3.097 3.113 2.918 3.085 

H4C2 - BrCl 2.983 2.999 3.000 3.017 2.843 3.007 

H4C2 - BrF 2.758 2.756 2.721 2.717 2.559 2.717 

  

1
8
6
 



 

Table G.4 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor C2H2 and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2C2 - I2 3.220 3.232 3.322 3.333 3.200 3.322 

H2C2 - IBr 3.126 3.133 3.175 3.180 3.086 3.197 

H2C2 - ICl 3.079 3.088 3.116 3.121 3.027 3.134 

H2C2 - IF 2.932 2.924 2.913 2.906 2.856 2.948 

H2C2 - Br2 3.083 3.100 3.163 3.203 3.044 3.175 

H2C2 - BrCl 3.032 3.054 3.085 3.099 2.976 3.102 

H2C2 - BrF 2.849 2.853 2.818 2.818 2.748 2.863 

  

1
8
7
 



 

Table G.5 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor HCN and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

HCN - I2 3.007 3.008 3.045 3.051 3.002 3.101 

HCN - IBr  2.897 2.895 2.898 2.987 2.870 2.969 

HCN - ICl  2.840 2.834 2.840 2.823 2.799 2.840 

HCN - IF  2.658 2.645 2.624 2.616 2.602 2.688 

HCN - Br2 2.905 2.919 2.922 2.948 2.876 2.700 

HCN - BrCl  2.840 2.857 2.840 2.850 2.797 2.890 

HCN - BrF  2.631 2.627 2.571 2.571 2.543 2.640 

  

1
8
8
 



 

Table G.6 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor CH2O and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

CH2O - I2  2.887 2.885 2.925 2.920 2.889 2.954 

CH2O - IBr  2.779 2.773 2.801 2.791 2.784 2.846 

CH2O - ICl  2.741 2.731 2.753 2.737 2.730 2.790 

CH2O - IF  2.602 2.586 2.604 2.588 2.593 2.642 

CH2O - Br2 2.770 2.782 2.789 2.800 2.759 2.825 

CH2O - BrCl  2.717 2.725 2.716 2.718 2.688 2.754 

CH2O - BrF  2.530 2.524 2.494 2.489 2.480 2.543 

  

1
8
9
 



 

Table G.7 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor CH2S and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

CH2S - I2 3.128 3.128 3.164 3.179 3.070 3.180 

CH2S - IBr  2.962 2.952 3.024 3.024 2.951 3.040 

CH2S - ICl  2.908 2.895 2.957 2.948 2.902 2.986 

CH2S - IF  2.752 2.744 2.773 2.763 2.765 2.820 

CH2S - Br2 2.996 2.991 3.016 3.028 2.887 3.022 

CH2S - BrCl  2.913 2.911 2.925 2.933 2.817 2.947 

CH2S - BrF  2.606 2.591 2.623 2.603 2.591 2.675 

  

1
9
0
 



 

Table G.8 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor CH2NH and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2CHN - I2  2.737 2.739 2.769 2.763 2.687 2.777 

H2CHN - IBr  2.604 2.595 2.638 2.640 2.570 2.646 

H2CHN - ICl  2.550 2.541 2.581 2.564 2.525 2.595 

H2CHN - IF  2.429 2.425 2.455 2.447 2.418 2.463 

H2CHN - Br2  2.665 2.687 2.628 2.651 2.556 2.660 

H2CHN - BrCl  2.589 2.630 2.561 2.556 2.475 2.578 

H2CHN - BrF  2.289 2.280 2.320 2.306 2.268 2.337 

  

1
9
1
 



 

Table G.9 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor CH2PH and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2CHP - I2  3.280 3.303 3.297 3.313 3.158 3.332 

H2CHP - IBr  2.997 2.996 3.065 3.082 2.995 3.129 

H2CHP - ICl  2.889 2.884 2.951 2.943 2.867 3.038 

H2CHP - IF  2.673 2.674 2.682 2.674 2.653 2.762 

H2CHP - Br2  3.162 3.190 3.172 3.195 3.014 3.206 

H2CHP - BrCl  3.091 3.122 3.044 3.065 2.903 3.110 

H2CHP - BrF  2.498 2.491 2.492 2.476 2.424 2.625 

  

1
9
2
 



 

Table G.10 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor PH3 and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H3P - I2 3.201 3.208 3.256 3.280 3.128 3.298 

H3P - IBr 2.920 2.915 3.008 3.006 2.924 3.086 

H3P - ICl 2.851 2.846 2.915 2.890 2.849 2.999 

H3P - IF 2.693 2.699 2.714 2.703 2.685 2.774 

H3P - Br2 3.105 3.127 3.113 3.133 2.954 3.176 

H3P - BrCl 2.990 2.992 2.955 2.965 2.807 3.061 

H3P - BrF 2.504 2.489 2.496 2.476 2.438 2.583 

  

1
9
3
 



 

Table G.11 Optimized non covalent halogen bond length by six unique method and basis set combinations of seven halogen 

bonded complexes between the halogen bond acceptor SH2 and seven halogen donating diatomics. 

Complex 

Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CCSD(T) 

def2-TZVP 

H2S - I2 3.300 3.325 3.346 3.355 3.263 3.366 

H2S - IBr 3.194 3.192 3.199 3.212 3.139 3.234 

H2S - ICl 3.138 3.148 3.120 3.119 3.087 3.176 

H2S - IF 2.964 2.949 2.962 2.953 2.933 3.005 

H2S - Br2 3.161 3.181 3.182 3.213 3.107 3.222 

H2S - BrCl 3.113 3.130 3.078 3.093 3.032 3.145 

H2S - BrF 2.854 2.839 2.822 2.819 2.783 2.883 

 

1
9
4
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Appendix H: 

H77/12 Deviations in Non-Covalent Halogen Bond 

Length 



 

Table H.1  Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor NH3 and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H3N - I2 0.014 0.021 0.008 0.010 0.058 

H3N - IBr 0.016 0.030 0.002 0.004 0.051 

H3N - ICl 0.013 0.044 0.008 0.017 0.049 

H3N - IF 0.026 0.036 0.002 0.016 0.038 

H3N - Br2 0.000 0.007 0.022 0.011 0.087 

H3N - BrCl 0.015 0.020 0.015 0.015 0.071 

H3N - BrF 0.019 0.030 0.003 0.013 0.054 

  

1
9
6
 



 

Table H.2 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor H2O and seven halogen donating diatomics.  

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2O - I2 0.071 0.051 0.039 0.008 0.039 

H2O - IBr 0.060 0.049 0.051 0.039 0.034 

H2O - ICl 0.049 0.045 0.046 0.042 0.042 

H2O - IF 0.037 0.050 0.037 0.039 0.040 

H2O - Br2 0.054 0.026 0.045 0.009 0.043 

H2O - BrCl 0.050 0.024 0.056 0.038 0.039 

H2O - BrF 0.016 0.016 0.043 0.039 0.049 

  

1
9
7
 



 

Table H.3 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor C2H4 and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H4C2 - I2 0.059 0.049 0.022 0.041 0.150 

H4C2 - IBr 0.022 0.022 0.011 0.021 0.143 

H4C2 - ICl 0.009 0.010 0.020 0.016 0.138 

H4C2 - IF 0.002 0.015 0.012 0.002 0.113 

H4C2 - Br2 0.051 0.034 0.012 0.028 0.168 

H4C2 - BrCl 0.024 0.008 0.007 0.011 0.164 

H4C2 - BrF 0.041 0.038 0.004 0.000 0.158 

  

1
9
8
 



 

Table H.4 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor C2H2 and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2C2 - I2 0.101 0.089 0.001 0.011 0.121 

H2C2 - IBr 0.072 0.065 0.022 0.017 0.111 

H2C2 - ICl 0.055 0.047 0.018 0.013 0.107 

H2C2 - IF 0.016 0.024 0.035 0.042 0.092 

H2C2 - Br2 0.092 0.075 0.012 0.028 0.131 

H2C2 - BrCl 0.069 0.047 0.017 0.003 0.125 

H2C2 - BrF 0.014 0.010 0.045 0.044 0.115 

1
9
9
 



 

Table H.5 Calculated absolute deviation of dissociation energies by five unique method and basis set combinations from 

the CCSD(T)/def2-TZVP calculated dissociation energy of seven halogen bonded complexes between the 

halogen bond acceptor HCN and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

HCN - I2 0.094 0.093 0.056 0.050 0.100 

HCN - IBr  0.072 0.073 0.071 0.072 0.098 

HCN - ICl  0.000 0.006 0.001 0.018 0.041 

HCN - IF  0.030 0.042 0.063 0.071 0.086 

HCN - Br2 0.205 0.220 0.222 0.248 0.177 

HCN - BrCl  0.050 0.033 0.051 0.040 0.094 

HCN - BrF  0.009 0.013 0.069 0.069 0.096 

  

2
0
0
 



 

Table H.6 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor CH2O and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CH2O - I2  0.067 0.069 0.029 0.034 0.065 

CH2O - IBr  0.066 0.073 0.045 0.054 0.062 

CH2O - ICl  0.049 0.059 0.037 0.054 0.061 

CH2O - IF  0.039 0.055 0.038 0.053 0.049 

CH2O - Br2 0.055 0.044 0.036 0.025 0.066 

CH2O - BrCl  0.038 0.029 0.038 0.037 0.066 

CH2O - BrF  0.013 0.019 0.049 0.055 0.063 

  

2
0
1
 



 

Table H.7 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor CH2S and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

CH2S - I2 0.052 0.051 0.016 0.001 0.110 

CH2S - IBr  0.078 0.088 0.016 0.016 0.089 

CH2S - ICl  0.078 0.091 0.030 0.038 0.084 

CH2S - IF  0.069 0.077 0..047 0.057 0.056 

CH2S - Br2 0.026 0.031 0.006 0.006 0.135 

CH2S - BrCl  0.034 0.036 0.022 0.014 0.130 

CH2S - BrF  0.069 0.084 0.052 0.071 0.084 

  

2
0
2
 



 

Table H.8 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor CH2NH and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2CHN - I2  0.039 0.038 0.008 0.014 0.090 

H2CHN - IBr  0.042 0.051 0.008 0.006 0.076 

H2CHN - ICl  0.045 0.053 0.014 0.031 0.069 

H2CHN - IF  0.034 0.038 0.009 0.016 0.045 

H2CHN - Br2  0.005 0.027 0.032 0.010 0.105 

H2CHN - BrCl  0.011 0.052 0.018 0.022 0.104 

H2CHN - BrF  0.047 0.057 0.017 0.031 0.069 

  

2
0
3
 



 

Table H.9 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor CH2PH and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2CHP - I2  0.052 0.029 0.035 0.019 0.174 

H2CHP - IBr  0.132 0.133 0.064 0.048 0.174 

H2CHP - ICl  0.149 0.153 0.087 0.095 0.171 

H2CHP - IF  0.089 0.089 0.081 0.088 0.109 

H2CHP - Br2  0.044 0.016 0.034 0.011 0.192 

H2CHP - BrCl  0.019 0.012 0.066 0.046 0.207 

H2CHP - BrF  0.127 0.134 0.133 0.149 0.201 
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Table H.10 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor PH3 and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H3P - I2 0.098 0.090 0.042 0.019 0.170 

H3P - IBr 0.165 0.171 0.078 0.080 0.162 

H3P - ICl 0.148 0.153 0.084 0.109 0.150 

H3P - IF 0.080 0.075 0.060 0.071 0.089 

H3P - Br2 0.071 0.049 0.063 0.043 0.222 

H3P - BrCl 0.071 0.069 0.106 0.096 0.254 

H3P - BrF 0.080 0.094 0.087 0.107 0.145 
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Table H.11 Absolute deviation of the non-covalent halogen bond distance optimized by five method and basis set 

combinations from the CCSD(T)/def2-TZVP optimized bond length of seven halogen bonded complexes 

between the halogen bond acceptor SH2 and seven halogen donating diatomics. 

Complex 

Deviation in Bond Length (Å) 

M06-2X 

def2-TZVP 

M06-2X 

def2-QZVP 

ωB97XD 

def2-TZVP 

ωB97XD 

def2-QZVP 

MP2 

def2-TZVP 

H2S - I2 0.066 0.042 0.020 0.011 0.104 

H2S - IBr 0.040 0.043 0.036 0.022 0.096 

H2S - ICl 0.038 0.029 0.056 0.057 0.089 

H2S - IF 0.041 0.056 0.043 0.052 0.072 

H2S - Br2 0.061 0.041 0.041 0.009 0.116 

H2S - BrCl 0.033 0.015 0.067 0.052 0.113 

H2S - BrF 0.029 0.045 0.061 0.064 0.101 

 

2
0
6
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Appendix I: 

H77/12 Intramolecular Halogen Bond Lengths 
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Table I.1 Intramolecular halogen bond distances of I2 in halogen bonded complexes 

compared to the isolated diatomic intramolecular halogen bond length 

calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex I2 bond length in 

complex 

I2 bond length in 

isolated diatomic 

Difference 

H3N – I2  2.73885 

2.69824 

0.04061 

H2O – I2 2.71000 0.01176 

H4C2 – I2 2.71393 0.01569 

H2C2 – I2 2.70773 0.00949 

HCN – I2 2.70768 0.00944 

CH2O – I2 2.70979 0.01155 

CH2S – I2 2.73249 0.03425 

H2CHN – I2 2.73506 0.03682 

H2CHP – I2 2.71919 0.02095 

H3P – I2 2.72526 0.02702 

H2S – I2 2.71619 0.01795 
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Table I.2 Intramolecular halogen bond distances of IBr in halogen bonded 

complexes compared to the isolated diatomic intramolecular halogen bond 

length calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex IBr bond length in 

complex 

IBr bond length in 

isolated diatomic 

Difference 

H3N - IBr 2.54656 

2.49613 

0.05043 

H2O – IBr 2.51199 0.01586 

H4C2 – IBr 2.51880 0.02267 

H2C2 – IBr 2.50981 0.01368 

HCN – IBr 2.51041 0.01428 

CH2O – IBr 2.51208 0.01595 

CH2S – IBr 2.54268 0.04655 

H2CHN – IBr 2.54554 0.04941 

H2CHP – IBr 2.53142 0.03529 

H3P – IBr 2.54162 0.04549 

H2S – IBr 2.52099 0.02486 
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Table I.3 Intramolecular halogen bond distances of ICl in halogen bonded 

complexes compared to the isolated diatomic intramolecular halogen bond 

length calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex ICl bond length in 

complex 

ICl bond length in 

isolated diatomic 

Difference 

H3N – ICl 2.39027 

2.33831 

0.05196 

H2O – ICl 2.35590 0.01759 

H4C2 – ICl 2.36354 0.02523 

H2C2 – ICl 2.35362 0.01531 

HCN – ICl 2.33780 -0.00051 

CH2O – ICl 2.35603 0.01772 

CH2S – ICl 2.38711 0.0488 

H2CHN – ICl 2.39075 0.05244 

H2CHP – ICl 2.37971 0.0414 

H3P – ICl 2.39061 0.0523 

H2S – ICl 2.36525 0.02694 
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Table I.4 Intramolecular halogen bond distances of IF in halogen bonded complexes 

compared to the isolated diatomic intramolecular halogen bond length 

calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex IF bond length in 

complex 

IF bond length in 

isolated diatomic 

Difference 

H3N – IF 1.95952 

1.91540 

0.04412 

H2O – IF 1.93269 0.01729 

H4C2 – IF 1.94431 0.02891 

H2C2 – IF 1.93259 0.01719 

HCN – IF 1.93441 0.01901 

CH2O – IF 1.93372 0.01832 

CH2S – IF 1.96111 0.04571 

H2CHN – IF 1.96236 0.04696 

H2CHP – IF 1.96731 0.05191 

H3P – IF 1.97225 0.05685 

H2S – IF 1.94264 0.02724 
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Table I.5 Intramolecular halogen bond distances of Br2 in halogen bonded 

complexes compared to the isolated diatomic intramolecular halogen bond 

length calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex Br2 bond length in 

complex 

Br2 bond length in 

isolated diatomic 

Difference 

H3N – Br2 2.32394 

2.31015 

0.01379 

H2O – Br2 2.32012 0.00997 

H4C2 – Br2 2.32433 0.01418 

H2C2 – Br2 2.31851 0.00836 

HCN – Br2 2.31749 0.00734 

CH2O – Br2 2.31999 0.00984 

CH2S – Br2 2.34470 0.00346 

H2CHN – Br2 2.34308 0.03293 

H2CHP – Br2 2.32745 0.01730 

H3P – Br2 2.33357 0.02342 

H2S – Br2 2.32681 0.01666 
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Table I.6 Intramolecular halogen bond distances of BrCl in halogen bonded 

complexes compared to the isolated diatomic intramolecular halogen bond 

length calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex BrCl bond length in 

complex 

BrCl bond length in 

isolated diatomic 

Difference 

H3N – BrCl 2.20435 

2.15972 

0.04463 

H2O – BrCl 2.16981 0.01009 

H4C2 – BrCl 2.17665 0.01693 

H2C2 – BrCl 2.16996 0.01024 

HCN – BrCl 2.16943 0.00971 

CH2O – BrCl 2.17200 0.01228 

CH2S – BrCl 2.20009 0.04037 

H2CHN – BrCl 2.19966 0.03994 

H2CHP – BrCl 2.18242 0.02270 

H3P – BrCl 2.19088 0.03116 

H2S – BrCl 2.17972 0.02000 
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Table I.7 Intramolecular halogen bond distances of BrF in halogen bonded 

complexes compared to the isolated diatomic intramolecular halogen bond 

length calculated at the CCSD(T)/def2-TZVP level. 

 Halogen Bond Distance (Å) 

Complex BrF bond length in 

complex 

BrF bond length in 

isolated diatomic 

Difference 

H3N – BrF 1.81944 

1.76818 

0.05126 

H2O – BrF 1.78402 0.01584 

H4C2 – BrF 1.79569 0.02751 

H2C2 – BrF 1.78338 0.01520 

HCN – BrF 1.78311 0.01493 

CH2O – BrF 1.78538 0.01720 

CH2S – BrF 1.82486 0.05668 

H2CHN – BrF 1.82097 0.05279 

H2CHP – BrF 1.83055 0.06237 

H3P – BrF 1.84728 0.07910 

H2S – BrF 1.79756 0.02938 
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Appendix J: 

Mulliken Charges 
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Table J.1  Calculated Mulliken charge distribution between I2 and eleven halogen 

bond acceptors calculated with M06-2X/def2-QZVP.  

Complex 

Mulliken Charge Distribution 

Halogen Bond 

Acceptor 

Halogen Bond 

Donor 

Non-Bonding 

Halogen 

H3N – I2 -0.761 0.061 -0.157 

H2O – I2 -0.610 0.048 -0.090 

HCN – I2 -0.402 0.061 -0.088 

H2CO – I2 -0.327 0.041 -0.085 

H2CS – I2 0.053 0.018 -0.120 

H2CHN – I2 -0.411 0.057 -0.154 

H2CHP – I2 0.146 0.046 -0.093 

H3P – I2 -0.135 0.047 -0.155 

H2S – I2 -0.270 0.030 -0.090 
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Table J.2 Calculated Mulliken charge distribution between IBr and eleven halogen 

bond acceptors calculated with M06-2X/def2-QZVP.  

Complex 

Mulliken Charge Distribution 

Halogen Bond 

Acceptor 

Halogen Bond 

Donor 

Non-Bonding 

Halogen 

H3N – IBr -0.725 0.097 -0.223 

H2O – IBr -0.603 0.104 -0.156 

HCN – IBr -0.408 0.123 -0.154 

H2CO – IBr -0.321 0.100 -0.155 

H2CS – IBr 0.082 0.055 -0.203 

H2CHN – IBr -0.386 0.097 -0.230 

H2CHP – IBr 0.167 0.074 -0.189 

H3P – IBr -0.098 0.064 -0.224 

H2S – IBr -0.251 0.082 -0.162 
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Table J.3  Calculated Mulliken charge distribution between ICl and eleven halogen 

bond acceptors calculated with M06-2X/def2-QZVP.  

Complex 

Mulliken Charge Distribution 

Halogen Bond 

Acceptor 

Halogen Bond 

Donor 

Halogen Bond 

Acceptor 

H3N – ICl -0.709 0.170 -0.311 

H2O – ICl -0.597 0.182 -0.240 

HCN – ICl -0.406 0.203 -0.241 

H2CO – ICl -0.317 0.179 -0.241 

H2CS – ICl 0.090 0.129 -0.290 

H2CHN – ICl -0.377 0.171 -0.319 

H2CHP – ICl 0.188 0.136 -0.290 

H3P – ICl -0.087 0.132 -0.316 

H2S – ICl -0.246 0.161 -0.246 
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Table J.4  Calculated Mulliken charge distribution between BrF and eleven halogen 

bond acceptors calculated with M06-2X/def2-QZVP.  

Complex 

Mulliken Charge Distribution 

Halogen Bond 

Acceptor 

Halogen Bond 

Donor 

Halogen Bond 

Acceptor 

H3N – BrF -0.673 0.208 -0.382 

H2O – BrF -0.598 0.267 -0.323 

HCN – BrF -0.380 -0.282 -0.317 

H2CO – BrF -0.311 0.261 -0.322 

H2CS – BrF 0.145 0.162 -0.383 

H2CHN – BrF -0.363 0.200 -0.393 

H2CHP – BrF 0.256 0.153 -0.409 

H3P – BrF -0.014 0.141 -0.425 

H2S – ICl -0.213 0.224 -0.337 

 

 


