
ABSTRACT 

HIGH, JUDAH STERLING. Computational Investigations of the Ground and Excited State 

Properties of Porphyrin-Based Light-Harvesting Arrays. (Under the direction of Professor 

Elena Jakubikova). 

 

Tetrapyrroles have found immeasurable utility in nature as multi-purpose pigments 

within intricate macromolecular light-harvesting assemblies that produce chemical potential 

from solar-energy input. The mechanism of solar energy conversion in these assemblies in part 

relies on quantum mechanical properties of tetrapyrroles and the interactions among them. This 

dissertation describes an effort to model the ground and excited state properties, as well as 

light-induced processes such as light absorption and excited state energy transfer, in covalently 

or noncovalently bound tetrapyrrole-containing pigment arrays. 

Chapter 1 provides a broad survey of natural and artificial light harvesting, and presents 

a short overview of the computational approaches utilized in this work to model the ground 

and excited state properties and processes in pigment assemblies.  

Chapter 2 describes a Kohn-Sham density functional theory (KS-DFT) and time-

dependent DFT (TD-DFT) study of unique panchromatic absorption exhibited by a series of 

strongly coupled perylene-accessorized porphyrin arrays, PMINP (N = 1, 2C, 2T, 3, 4). These 

systems are found to exhibit large conformational flexibility, which impacts both their ground 

and excited state electronic properties. Panchromatic absorption by these arrays arises from the 

presence of many conformations with vastly different electronic properties and absorption 

profiles in solution. 

Chapter 3 focuses on the development of a model to simulate the wavepacket dynamics 

associated with excited state energy transfer (EET) in a prototypical weakly-coupled 

covalently-linked zinc-freebase porphyrin dyad. A stepwise procedure connecting results from 

KS-DFT, TD-DFT, density functional based tight binding molecular dynamics, and 

wavepacket dynamics simulations with an extended Hückel Hamiltonian was developed to 

simulate EET on a pico-second time scale with computational effort far reduced relative to 

more rigorous methods. 

Chapter 4 highlights efforts to understand and model noncovalent interactions in a 

porphin dimer. Twenty-nine different exchange-correlation functionals were tested for the 



calculation of inter-porphin interaction energies in a face-to-face orientation at 3-8 Å 

separation distances. The calculated potential energy curves were benchmarked against second 

order Møller-Plesset perturbation theory (MP2), and spin-component scaled MP2 (SCS-MP2) 

calculations. The findings demonstrate the importance and effectiveness of various dispersion 

correction schemes for calculations of noncovalent interactions in weakly-bound tetrapyrrole 

arrays. 

Chapter 5 summarizes the results obtained from the electronic structure calculations of 

various pigment arrays described in Chapters 2-4. Overall, the work described in this 

dissertation demonstrates the utility of KS-DFT, TD-DFT, and quantum dynamics approaches 

based on an extended Hückel Hamiltonian for modeling various challenging aspects of light 

harvesting, especially light absorption and EET processes. Moving forward, these methods 

should continue to provide useful insights into the complex nature of light harvesting in 

tetrapyrrole-based pigment aggregates.  



Computational Investigations of the Ground and Excited State Properties of Porphyrin-Based 

Light-Harvesting Arrays 

 

 

by 

Judah Sterling High 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Chemistry 

 

 

Raleigh, North Carolina 

2017 

 

APPROVED BY: 

 

_______________________________  _______________________________ 

Elena Jakubikova     Myung-Hwan Whangbo 

Committee Chair 

 

_______________________________  _______________________________ 

Jonathan S. Lindsey     Elon A. Ison 

 

 

_______________________________ 

Jacob Eapen 



 

ii  

DEDICATION  

 I would like to dedicate this dissertation to my family. The love, support and 

encouragement they have given me throughout my life have supplied my forward momentum 

toward achieving this goal, the pinnacle of my academic achievements. I am truly blessed to 

have them in my life and I am immensely grateful for it. 



 

iii  

BIOGRAPHY  

 Judah High was born in Tulsa, Oklahoma, but spent most of his childhood and 

adolescence in Charlotte, North Carolina. During the early years Judah developed a fascination 

with nature and a curiosity to learn about the world around him. With a keen interest in 

chemistry and a satisfaction with being outdoors, he matriculated at Appalachian State 

University in Boone, NC. During his undergraduate studies Judah expanded his interests across 

many disciplines including physics, computer science, criminal justice and music production. 

However, he ultimately remained fascinated with chemistry and enjoyed renewed interest 

within the field after discovering and exploring the computational side of chemistry while still 

an undergraduate. 

 After earning his Bachelor of Science in chemistry with a second concentration in 

forensic science, and minors in physics and criminal justice, Judah set his sights on the 

Jakubikova group at North Carolina State University in hopes of earning a Doctor of 

Philosophy in chemistry and to learn more about the physics of chemistry and how it is 

modeled. As a member of the Jakubikova research group, Judah studied how electronic 

structure theory could be applied towards the understanding of how certain natural and 

artificial molecular systems harvest sunlight. During his research, Judah developed a deep 

interest in the theoretical models currently available and their implementation. In the next stage 

after his time at North Carolina State University comes to a close, Judah aims to continue 

learning about the world around him through electronic structure theory and its 

implementation. 



 

iv 

ACKNOWLEDGMENTS  

 I would like to first acknowledge my advisor Elena Jakubikova for providing an 

environment that enabled my development as a scientist and my integration into the many 

facets of the scientific community. She consistently demonstrates a level of professionalism 

and hard work that inspires and drives her lab and the members therein to achieve and do more. 

 I would also like to acknowledge my current and former lab mates David Bowman, 

Kushal Shrestha and Sriparna Mukherjee, whom I learned so much about quantum mechanics 

with. I greatly benefited from and enjoyed the discussions we had over the past five years. It 

has been a pleasure serving as a member of the Jakubikova group and to be able to develop as 

a scientist amongst likeminded and driven individuals who seek nothing less than a great 

physical understanding of our universe. I thank Kyle Virgil and Alexey Bondarev, two 

undergraduates, soon to be graduate students. Kyle and Alexeyôs curiosity, creativity and 

diligence were not only inspiring to me, but their presence was always a joy to be around as 

well. I would also like to thank Jessica González, Chang Liu, Bradley Losey, Brandon 

Zoellner, Jonathan Boltersdorf and Sean Lund for invaluable friendship through the course of 

this program. 

  Finally, I would like to acknowledge the academic support I have been fortunate to 

receive from my doctoral committee members (Dr. Myung-Hwan Whangbo, Dr. Jonathan 

Lindsey, Dr. Elon Ison and Dr. Jacob Eapen), and the Department of Chemistry and North 

Carolina State University. 

  



 

v 

TABLE OF CONTENTS  

LIST OF TABLES  ................................................................................................................. ix 

LIST OF FIGURES .............................................................................................................. xii  

CHAPTER 1 ............................................................................................................................ 1 

General Introduction .............................................................................................................. 1 

1.1. Natureôs approach to light-harvesting ............................................................................ 1 

1.2. Artificial light-harvesting ............................................................................................... 3 

1.3. Computational approaches towards understanding light-harvesting ............................. 5 

1.3.1. Modeling ground state properties and light absorption .......................................... 6 

1.3.2. Excited state energy transfer in porphyrin arrays ................................................... 7 

1.3.3. Noncovalent porphyrin interactions in nonbonded light-harvesting topologies ..... 9 

1.4. References .................................................................................................................... 11 

CHAPTER 2 .......................................................................................................................... 21 

Electronic Structure and Absorption Properties of Strongly Coupled Porphyrinï

Perylene Arrays ..................................................................................................................... 21 

2.1. Introduction .................................................................................................................. 21 

2.2. Computational Methodology ....................................................................................... 23 

2.3. Results and Discussion ................................................................................................ 25 

2.3.1. Ground State Structure of PMINP Arrays ............................................................. 25 

2.3.2. Ground State Electronic Structure of PMINP Arrays ............................................ 27 

2.3.3. Conformational Flexibility and Electronic Structure of PMINP Arrays ............... 29 

2.3.4. Absorption Spectrum of PMI1P ............................................................................ 32 

2.3.5. Average Absorption Spectrum of PMI1P .............................................................. 36 

2.3.6. Absorption Spectra of PMINP ............................................................................... 38 

2.4. Conclusions .................................................................................................................. 41 

2.5. References .................................................................................................................... 43 



 

vi 

CHAPTER 3 .......................................................................................................................... 49 

Quantum Dynamics Simulations of Excited State Energy Transfer in a Zinc - Free-Base 

Porphyrin Dyad ..................................................................................................................... 49 

3.1. Introduction .................................................................................................................. 49 

3.2. Computational Methodology ....................................................................................... 52 

3.2.1. Electronic Structure Calculations ......................................................................... 52 

3.2.2. Molecular Dynamics Simulations ......................................................................... 53 

3.2.3. Extended Hückel Parametrization ......................................................................... 53 

3.2.4. Excited-State Energy Transfer Simulations .......................................................... 54 

3.3. Results and Discussion ................................................................................................ 55 

3.3.1. Ground-state structure ........................................................................................... 55 

3.3.2. Absorption properties and initial state construction ............................................. 57 

3.3.3. Excited-State Energy Transfer Simulations .......................................................... 60 

3.4. Conclusions .................................................................................................................. 65 

3.5. References .................................................................................................................... 66 

CHAPTER 4 .......................................................................................................................... 76 

The Porphin Dimer Interaction Energy: A Comparison of DFT, MP2 and SCS-MP2 . 76 

4.1. Introduction .................................................................................................................. 77 

4.2. Computational Methodology ....................................................................................... 80 

4.2.1. Structure optimization and porphin dimer construction ....................................... 80 

4.2.2. Interaction energy calculation ............................................................................... 81 

4.3. Results and Discussion ................................................................................................ 83 

4.3.1. Potential energy curves ......................................................................................... 83 

4.3.2. Classifications of DFA behavior for inter-porphin interaction energy. ................ 86 

4.4. Conclusions .................................................................................................................. 88 

4.5. References .................................................................................................................... 90 

CHAPTER 5 ........................................................................................................................ 107 



 

vii  

5.1. Concluding remarks ................................................................................................... 107 

5.2. References .................................................................................................................. 109 

APPENDICES ..................................................................................................................... 111 

APPENDIX A  ...................................................................................................................... 112 

A.1. Optimized structure of porphyrin-perylene arrays at the B3LYP and CAM-B3LYP 

levels of theory. ................................................................................................................. 112 

A.2. Energy changes that occur in porphyrin-perylene systems as a result of synchronous 

rotation about all ethynyl linkers. ..................................................................................... 114 

A.3. Potential energy surface related to rotation of a single perylene about the ethynyl 

linker in PMINP. ................................................................................................................ 115 

A.4. Frontier MO mixing between Fb and PMI via the frontier MOs of an ethynyl linker 

result in the frontier MOs of PMI1P. ................................................................................. 116 

A.5. Frontier electronic structure of PMI2TP, PMI2CP, PMI3P and PMI4P at their optimized 

and orthogonal conformations calculated at the B3LYP level of theory. ......................... 117 

A.6. Dependencies of the electronic structure of PMI1P on functional and solvent. ........ 123 

A.7. Average B3LYP calculated PMI1P spectrum resulting from inclusion of varying 

number of UV-vis at different conformations. ................................................................. 130 

A.8. B3LYP and CAM-B3LYP NTOs of orthogonal PMI1P. .......................................... 133 

A.9. B3LYP and CAM-B3LYP NTOs of TD-DFT calculations of PMI1P with PCM. ... 135 

A.10. NTOs for CAM-B3LYP calculated excitations of the B3LYP optimized and 

orthogonal PMI2CP, PMI2TP, PMI3P and PMI4P. ............................................................. 147 

A.11. Average UV-vis spectra of PMI2CP, PMI2TP, PMI3P and PMI4P obtained from 

B3LYP calculated UV-vis at optimized, coplanar and orthogonal conformations. ......... 155 

A.12. Attenuation of Soret region excitations with increasing number of PMI accessory 

pigments. ........................................................................................................................... 157 

APPENDIX B ...................................................................................................................... 158 

B.1. Procedure for the initial state construction for quantum dynamics simulations ....... 158 

B.2. References ................................................................................................................. 163 



 

viii  

APPENDIX C ...................................................................................................................... 164 

APPENDIX D ...................................................................................................................... 182 

 



 

ix 

LIST OF TABLES  

CHAPTER 2 

Table 2.1. Porphyrinïperylene dihedral angles for B3LYP optimized PMINP arrays. .......... 25 

Table 2.2. Change in the B3LYP calculated HOMOïLUMO gap (ȹHL Gap) at the extremes 

where all PMI substituents are orthogonal to or coplanar with the central Fb 

porphyrin. ............................................................................................................. 32 

CHAPTER 4 

Table 4.1. Density functionals employed in this study sorted in alphabetical order.............. 81 

Table 4.2. Basis sets employed in the benchmarking. "x" denotes whether the  basis set was 

used at a particular level of theory. ...................................................................... 82 

Table 4.3. BSSE-corrected interaction energies at minima of the PECs (Emin) and the inter-

porphyrin distance at the minimum (Rmin) for all methodologies tested. Interaction 

energies (DEmin) and minima (DRmin ) relative to the SCS-MP2 results are also 

reported. ............................................................................................................... 86 

APPENDIX A  

Table A1. Porphyrin-perylene dihedral angles for CAM-B3LYP optimized structures of 

PMINP. ............................................................................................................... 113 

APPENDIX C 

Table C1. Optimal set of EHT parameters for ZnFbū from two-step parametrization process 

(manual tuning followed by the genetic algorithm). ......................................... 164 

APPENDIX D 

Table D1. cp and no-cp porphin sandwich interaction energy differences with the cp and no-

cp MP2 results taken at the minimum of the interaction energy surfaces. Dashes 

indicate that no minimum was found with the given DFA and basis. Cells are 

shaded from red (most positive) to blue (most negative). The MP2/cc-pVTZ 

interaction energy minimum is -35.40 kcal/mol (no-cp) / -27.71 kcal/mol (cp).

 ........................................................................................................................... 210 

Table D2. Differences between the DFA and MP2/cc-pVTZ minimum interaction energy 

porphin separation. Dashes indicate that no minimum was found in the computed 

interaction energy surface. Cells are shaded from red (most positive) to blue (most 



 

x 

negative). The MP2/cc-pVTZ minimum interaction energy porphin separation 

distance is 3.50 Å (no-cp) and 3.42 Å (cp). ....................................................... 211 

Table D3. Shown here are the cp-adjusted minimum interaction energy porphin-separation 

distance determined for each DFA and at the (SCS)-MP2 level. Dashes indicate no 

minimum was found on the interaction energy surface. The cells are colored with 

red and blue to indicate larger and smaller values respectively. ....................... 212 

Table D4. Shown here are the no-cp minimum interaction energy porphin-separation distance 

determined for each DFA and at the (SCS)-MP2 level. Dashes indicate no 

minimum was found on the interaction energy surface. The cells are colored with 

red and blue to indicate larger and smaller values respectively. ....................... 213 

Table D5. Shown here are the cp-adjusted minimum porphin-sandwich interaction energy 

distance determined for each DFA and at the (SCS)-MP2 level. Dashes indicate no 

minimum was found on the interaction energy surface. The cells are colored with 

red and blue to indicate more highlight each value (blue: minimum Ą red: 

maximum) between the maximum and minimum interaction energy. .............. 214 

Table D6. Shown here are the no-cp minimum porphin-sandwich interaction energy distance 

determined for each DFA and at the (SCS)-MP2 level. Dashes indicate no 

minimum was found on the interaction energy surface. The cells are colored with 

red and blue to indicate more highlight each value (blue: minimum Ą red: 

maximum) between the maximum and minimum interaction energy. .............. 215 

Table D7. Shown here are the standard error of the estimates [kcal/mol] for fitting the cp 

porphin sandwich interaction energy surfaces to a quadratic polymonial at the 

minimum. Dashes indicate no minimum was found on the interaction energy 

surface. The more intense the cells red color, the larger the error. .................... 216 

Table D8. Shown here are the standard error of the estimates [kcal/mol] for fitting the no-cp 

porphin sandwich interaction energy surfaces to a quadratic polymonial at the 

minimum. Dashes indicate no minimum was found on the interaction energy 

surface. The more intense the cells red color, the larger the error. .................... 217 

Table D9. Shown is the result of subtracting the cp-adjusted from the no-cp minimum porphin 

sandwich interaction energy separation distance. Dashes indicate no minimum was 

found on the interaction energy surface. The more intense the cellôs red color, the 

more negative the difference. ............................................................................ 218 

Table D10. Shown is the result of subtracting the cp-adjusted from the no-cp minimum porphin 

sandwich interaction energy. Dashes indicate no minimum was found on the 

interaction energy surface. The more intense the cellôs red color, the more negative 

the difference. .................................................................................................... 219 



 

xi 

Table D11. Shown is the percent difference between the cp- no-cp-adjusted minimum porphin 

sandwich interaction energy separation distance. Dashes indicate no minimum was 

found on the interaction energy surface. The more intense the cellôs red color, the 

larger the percent difference. ............................................................................. 220 

Table D12. Shown is the percent difference between the cp- no-cp-adjusted minimum porphin 

sandwich interaction energy. Dashes indicate no minimum was found on the 

interaction energy surface. The more intense the cellôs red color, the larger the 

percent difference. ............................................................................................. 221 

Table D13. Differences between the DFA and SCS-MP2/cc-pVTZ minimum interaction 

energy porphin separation. Dashes indicate that no minimum was found in the 

computed interaction energy surface. Cells are shaded from red (most positive) to 

blue (most negative). The SCS-MP2/cc-pVTZ minimum interaction energy 

porphin separation distance is 3.55 Å (no-cp) and 3.65 Å (cp). ........................ 225 

Table D14. cp and no-cp porphin sandwich interaction energy differences with the cp and no-

cp SCS-MP2 results taken at the minimum of the interaction energy surfaces. 

Dashes indicate that no minimum was found with the given DFA and basis. Cells 

are shaded from red (most positive) to blue (most negative). The SCS-MP2/cc-

pVTZ interaction energy minimum is -23.50 kcal/mol (no-cp) / -17.09 kcal/mol 

(cp). .................................................................................................................... 226 

Table D15. Atomic coordinates within the B3LYP/6-31G* porphin aligned within the XY 

plane. This set of coordinates were used to construct all porphin dimers. ........ 227 



 

xii  

LIST OF FIGURES 

CHAPTER 1 

Figure 1.1. Common open (phycocyanobilin) and closed (BChl a and Chl a) tetrapyrrole 

pigments and a carotenoid (rhodopsin glucoside) found in natural light-harvesting 

complexes. ............................................................................................................. 2 

Scheme 1.1. Processes relevant to artificial light-harvesting systems. Initial photoexcitation 

can be followed by either EET, charge separation, or both. In some systems, the 

charge separated state may be further stabilized by a hole transfer process. The 

harvested energy can be either used to generate electricity (DSSCs) or to drive 

redox reactions (DSPECs). .................................................................................... 4 

Figure 1.2. Examples of primary light absorbers, accessory pigments, and linker groups 

utilized in artificial light-harvesting systems. ........................................................ 5 

Figure 1.3. The five PMINP (N = 1, 2C, 2T, 3, 4) arrays were used in studying panchromatic 

absorption. ............................................................................................................. 7 

Figure 1.4. The meso-meso p-phenylene linked zinc-freebase porphyrin dyad (ZnFbū) used 

in studying and simulating EET. ........................................................................... 8 

Figure 1.5. The porphin sandwich was used to investigate noncovalent interactions in non-

bonded ˊ-ˊ stacked topologies of pigments relevant for LH. .............................. 10 

CHAPTER 2 

Figure 2.1. PMINP arrays (N = 1, 2T, 2C, 3, and 4) investigated in this work. ..................... 23 

Figure 2.2. Structure of PMI1P array with atoms C1-C4 defining constrained porphyrin-

perylene dihedral angle. ....................................................................................... 24 

Figure 2.3. CAM-B3LYP potential energy surfaces related to individual rotation of each PMI 

substituent for PMINP arrays. The largest ȹE relative to the lowest energy structure 

on the PES are boldface. ...................................................................................... 26 

Figure 2.4. The HOMO, LUMO and frontier CAM-B3LYP MO energy levels of B3LYP 

optimized Fb-e, PMI-e, PMI1P, PMI2CP, PMI2TP, PMI3P and PMI4P. The red 

horizontal lines indicate the HOMO and LUMO energy levels of each system. 28 

Figure 2.5. Plot of the B3LYP and CAM-B3LYP HL gap as a function of the number of PMI-

e substituents bound to the central Fb at the meso positions. The B3LYP optimized 

structures were used here. .................................................................................... 29 



 

xiii  

Figure 2.6. CAM-B3LYP frontier MOs of B3LYP optimized PMI1P and PMI1P optimized 

with porphyrinïperylene dihedral angle constrained to 0° and 90°. ................... 30 

Figure 2.7. Simulated UVïvis spectra of Fb-e, PMI-e and PMI1P where vertical sticks are 

calculated excitations with height equal to calculated oscillator strength (right y-

axis). The solid and dashed lines correspond to the UVïvis spectra calculated at 

the B3LYP and CAM-B3LYP levels of theory, respectively. ............................. 33 

Figure 2.8. Frontier NTOs for the most intense UVïvis excitations of PMI1P calculated with 

the B3LYP (left) and CAM-B3LYP (right) functional. ...................................... 35 

Figure 2.9. Simulated UVïvis of the optimized PMI1P, and relaxed PMI1P conformations with 

various FbïPMI1 dihedral angles denoted by ɗ calculated with B3LYP (top) and 

CAM-B3LYP (middle). The average of all the individual simulated spectra is also 

shown for each functional. The experimental room temperature UVïvis of PMI1P 

in toluene is also shown (bottom). ....................................................................... 37 

Figure 2.10. Simulated CAM-B3LYP UVïvis spectrum of PMI2CP, PMI2TP, PMI3P, and 

PMI4P with various Fb-PMI dihedral angles. The vertical dashed lines separate 

regions in which excitation character changes. The gray labels denote the character 

of excitations in each region. ............................................................................... 39 

Figure 2.11. Calculated average CAM-B3LYP spectra of PMI2CP, PMI2TP, PMI3P, and 

PMI4P. The experimental spectrum at room temperature in toluene is overlaid for 

each porphyrinïperylene array. All spectra were normalized to the maximum peak 

in the spectrum. .................................................................................................... 40 

CHAPTER 3 

Figure 3.1. Molecular structure of mesoīmeso p-phenylene linked zincīfreebase porphyrin 

dyad (ZnFbF). ..................................................................................................... 51 

Figure 3.2. Frontier molecular orbitals of the Zn and Fb porphyrin subunits as well as the 

ZnFbū dyad calculated at the B3LYP level of theory. ....................................... 55 

Figure 3.3. Comparison of the MOs of ZnFbū obtained at the B3LYP level (left) and those 

calculated using optimal parameters at the EH level of theory (right). ............... 56 

Figure 3.4. B3LYP calculated electronic absorption spectrum of the Zn and Fb subunits as 

well as the ZnFbū dyad. The subunits exhibit the Q and Soret band and the ZnFbū 

spectrum resembles the superposition of the subunit spectra. ............................. 57 

Figure 3.5. Comparison of NTOs for the second and third lowest energy calculated excitations 

of ZnFbū and the near-degenerate Q-band excitations of the isolated Zn subunit.

 ............................................................................................................................. 58 



 

xiv 

Figure 3.6. B3LYP calculated UVïvis spectra of Zn subunit structure after 20 ps of 

equilibration at 298 K of ZnFbū via MD. All spectra exhibit Soret- and Q-band 

excitations. ........................................................................................................... 59 

Figure 3.7. Initial EH electron and hole wavepacket densities for a representative QD 

simulation. Wavepackets were constructed as a linear combination of the EH MOs 

that best resemble the geometry optimized KS MOs involved with a given 

excitation as prescribed by TD-DFT. The coefficients are calculated using the 

procedure outlined in Appendix B. ...................................................................... 60 

Figure 3.8. Survival probabilities for the Zn (top row), p-phenylene (middle row) and Fb 

(bottom row) subunits during QDSIM1 resulting from the QD simulations with 

different combinations of nuclear motion, Coulombic coupling, and optimal EH 

parameters included in the model. ....................................................................... 61 

Figure 3.9.  Survival probability for the electron and hole on the Zn subunit of ZnFbū for 

QDSIM1ï10. All simulations show EET by means of the survival probabilities 

decaying to zero. .................................................................................................. 62 

Figure 3.10. Snapshots of the electron and hole wavepacket density of QDSIM1 at various 

times. Note that by 1.0 ps the wavepacket densities are fully localized on the Fb 

subunit.................................................................................................................. 63 

Figure 3.11. Average survival probabilities of the electron and hole wavepackets averaged 

over QDSIM1ï10. The average survival probabilities were fitted to biexponentials 

with characteristic times Ű. No fit was applied to the p-phenylene electron and hole 

P(t). ...................................................................................................................... 64 

CHAPTER 4 

Figure 4.1. The structure of the porphin, or freebase-porphyrin, is shown here. This pigment 

is the porphyrin by which the vast diversity of natural and artificial porphyrin-

pigments derive. ................................................................................................... 77 

Figure 4.2. Shown is a porphin dimer (porphin sandwich) consisting of monomers with a face-

to-face separation (R) 3.6 Å. The porphin monomer from which this sandwich was 

constructed was D2h-optimized at the B3LYP/6-31G(d) level. ........................... 80 

Figure 4.3. Inter-porphin interaction energies as a function of inter-porphin distance calculated 

at the B3LYP-D3(BJ) with all basis sets tested here. .......................................... 83 

Figure 4.4.  Counterpoise corrected interaction energies as a function of inter-porphin distance.

 ............................................................................................................................. 84 



 

xv 

Figure 4.5. PECs for porphin dimer grouped by the functional's rung on Jacobôs ladder of 

DFAs. Left: non-dispersion corrected functionals (or those with implicit 

corrections), Right: wavefunction methods and functionals with Grimme's 

dispersion corrections. ......................................................................................... 87 

APPENDIX A  

Figure A1. B3LYP optimized structures of (a) PMI1P, (b) PMI2TP, (c) PMI2CP, (d) PMI3P and 

(e) PMI4P in vacuum. ........................................................................................ 112 

Figure A2. CAM-B3LYP optimized structures of (a) PMI1P, (b) PMI2TP, (c) PMI2CP, (d) 

PMI3P and (e) PMI4P in vacuum. ...................................................................... 112 

Figure A3. Potential energy surfaces related to synchronous rotation of all PMI substituents 

shown for PMINP. The lines are drawn at the average ȹE between the two local 

maxima of each constrained PES. The energy difference between the CAM-

B3LYP optimized and orthogonal structures is in parenthesis. ......................... 114 

Figure A4. B3LYP potential energy surfaces related to individual rotation of each PMI 

substituent for PMINP arrays. The largest ȹE (bolded) relative to the lowest energy 

structure on the PES are bolded. ........................................................................ 115 

Figure A5. The left box contains the frontier MO shapes and energies of optimized freebase 

porphyrin with ethynyl linker (Fb-e) (a) and PMI with ethynyl linker (e-PMI) (b). 

The right box contains the frontier MO shapes of PMI1P at the B3LYP optimized 

structure (c). ....................................................................................................... 116 

Figure A6. The HOMO, LUMO and frontier B3LYP MO energy levels of B3LYP optimized 

Fb-e, PMI-e, PMI1P, PMI2CP, PMI2TP, PMI3P and PMI4P. The red horizontal lines 

indicate the HOMO and LUMO energy levels of each system. ........................ 117 

Figure A7. Frontier B3LYP MOs of the B3LYP optimized PMI1P and PMI1P optimized with 

porphyrin-perylene dihedral angle constrained to 0° and 90°. .......................... 118 

Figure A8. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI2TP. ........ 118 

Figure A9. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI2CP. ........ 119 

Figure A10. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI3P. ........ 119 

Figure A11. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI4P. ........ 120 

Figure A12. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI2TP. .............................................................................................................. 120 



 

xvi 

Figure A13. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI2CP. .............................................................................................................. 121 

Figure A14. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI3P. ................................................................................................................ 121 

Figure A15. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI4P. ................................................................................................................ 122 

Figure A16. Effects of functional on the frontier MOs of B3LYP optimized PMI1P. ........ 123 

Figure A17. Effects of functional on the shapes and ordering of frontier MOs of B3LYP 

optimized PMINP. ............................................................................................. 124 

Figure A18. Effects of functional on the shapes and ordering of fronter MOs of B3LYP 

orthogonal PMINP .............................................................................................. 125 

Figure A19. Effects of functional and solvent on the select frontier MOs of PMI1P. ......... 126 

Figure A20. Frontier MO energy levels of optimized PMINP at the B3LYP and CAM-B3LYP 

level. The HOMO and LUMO are red while other energy levels considered frontier 

are black. The CAM-B3LYP functional increases the HOMO-LUMO gap leaving 

frontier occupied and virtual MO energy gaps relatively unaffected. ............... 127 

Figure A21. Frontier MO energy levels of orthogonal PMINP at the B3LYP and CAM-B3LYP 

level. The HOMO and LUMO are red while other energy levels considered frontier 

are black. The CAM-B3LYP functional increases the HOMO-LUMO gap leaving 

frontier occupied and virtual MO energy gaps relatively unaffected. ............... 128 

Figure A22. Calculated spectra of PMI1P using the PCM with a variety of solvents at the 

B3LYP and CAM-B3LYP level. Energy shifts are the only substantial effects 

solvent has on PMI1P excitations for either hybrid functional. ......................... 129 

Figure A23. Simulated UV-vis of the optimized PMI1P, and relaxed PMI1P conformations 

with various Fb-(1-PMI) dihedral angles denoted by ɗ1 calculated at the B3LYP 

level. The average of spectra with porphyrin-perylene dihedral angles between 0° 

and 360° (top) as well as 0° to 90° are shown. .................................................. 130 

Figure A24. Simulated UV-vis of the optimized PMI1P, and PMI1P conformations with 

various Fb-(1-PMI) dihedral angles denoted by ɗ1 calculated at the B3LYP level. 

The average spectra with porphyrin-perylene dihedral angles between 0° and 360° 

(top) as well as that of just the optimized, coplanar and orthogonal structures is 

shown. ................................................................................................................ 131 



 

xvii  

Figure A25. Simulated UV-vis of the B3LYP calculated PMI1P conformations with seven 

(top) and five (bottom) dihedral angles within the first quadrant (0°-90°) of PMI 

rotation along with their average spectrum. ...................................................... 132 

Figure A26. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of the 

orthogonal case of PMI1P. All Excitations with greater wavelength than 350 nm 

were included. .................................................................................................... 133 

Figure A27. Natural transition orbitals for calculated UV-vis excitations of the orthogonal case 

of PMI1P at the B3LYP level. Excitations with an oscillator strength less than 0.3 

were omitted. ..................................................................................................... 134 

Figure A28. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in acetonitrile via PCM. ........................................................ 135 

Figure A29. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in benzonitrile via PCM. ....................................................... 136 

Figure A30. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in tetrahydrofuran via PCM. ................................................. 137 

Figure A31. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in toluene via PCM. .............................................................. 138 

Figure A32. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in vacuum. ............................................................................. 139 

Figure A33. Natural transition orbitals for B3LYP calculated UV-vis excitations of B3LYP 

optimized PMI1P in water via PCM. ................................................................. 140 

Figure A34. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in acetonitrile via PCM. ........................................... 141 

Figure A35. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in benzonitrile via PCM. .......................................... 142 

Figure A36. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in tetrahydrofuran via PCM. .................................... 143 

Figure A37. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in toluene via PCM. ................................................. 144 

Figure A38. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in vacuum. ................................................................ 145 



 

xviii  

Figure A39. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI1P in water via PCM. .................................................... 146 

Figure A40. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI2CP. Excitations with an oscillator strength less than 0.1 

were omitted. ..................................................................................................... 147 

Figure A41. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP calculated orthogonal PMI2CP. ............................................................. 148 

Figure A42. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI2TP. ................................................................................ 149 

Figure A43. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP calculated orthogonal PMI2TP. ............................................................. 150 

Figure A44. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI3P. ................................................................................. 151 

Figure A45. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP calculated orthogonal PMI3P. ............................................................... 152 

Figure A46. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP optimized PMI4P. ................................................................................. 153 

Figure A47. Natural transition orbitals for CAM-B3LYP calculated UV-vis excitations of 

B3LYP calculated orthogonal PMI4P. Excitations in Soret region (ɚ < 475 nm) an 

oscillator strength less than 0.1 were omitted while all excitations in the Q region 

(ɚ > 500 nm) were analyzed. ............................................................................. 154 

Figure A48. The simulated B3LYP UV-vis spectrum of the trimers, tetramer and pentamer at 

the optimized, coplanar and orthogonal structures. ........................................... 155 

Figure A49. Calculated average B3LYP spectra of PMI2CP, PMI2TP, PMI3P and PMI4P. The 

experimental spectrum at room temperature in toluene is overlaid for each 

porphyrin-perylene array. All spectra were normalized to the maximum peak in 

the spectrum. ...................................................................................................... 156 

Figure A50. The attenuation of CAM-B3LYP calculated excitations between 350 nm and 400 

nm with increasing number of perylene-monoimide substituents. .................... 157 

APPENDIX B 

Figure B1. Output of the TD-DFT calculation for Zn subunit............................................. 161 



 

xix 

APPENDIX C 

Figure C1. Frontier B3LYP MOs at ten initial ZnFbū structures from MD trajectories used in 

QD simulations of EET. .................................................................................... 165 

Figure C2. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM1 was used here. .............................................. 166 

Figure C3. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM2 was used here. .............................................. 167 

Figure C4. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM3 was used here. .............................................. 168 

Figure C5. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM4 was used here. .............................................. 169 

Figure C6. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM5 was used here. .............................................. 170 

Figure C7. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM6 was used here. .............................................. 171 

Figure C8. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM7 was used here. .............................................. 172 

Figure C9. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM8 was used here. .............................................. 173 

Figure C10. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM9 was used here. .............................................. 174 

Figure C11. Natural Transition Orbitals for calculated Zn-porphyrin localized Q-band 

excitations of ZnFbū (left) and Q-band excitations of Zn-porphyrin donor (right). 

The initial structure for QDSIM10 was used here. ............................................ 175 



 

xx 

Figure C12. Initial electron and hole wavepacket densities for QDSIM1-10 constructed as a 

linear combination of Hückel MOs of the Zn-porphyrin donor with coefficients 

shown as calculated using the method in the Appendix B. ............................... 176 

Figure C13. Test calculations showing the effects of nuclear motion, electron-hole coulombic 

coupling and optimal EH parameters on the survival probability P(t) of QDSIM1.

 ........................................................................................................................... 177 

Figure C14. Test calculations showing the combined effects of nuclear motion, electron-hole 

coulombic coupling and optimal EH parameters on the survival probability P(t) of 

QDSIM1. ........................................................................................................... 178 

Figure C15. Survival probabilities associated with the Fb-porphyrin acceptor for QDSIM1-

10. ...................................................................................................................... 179 

Figure C16. Survival probabilities associated with the p-phenylene bridge for QDSIM1-10.

 ........................................................................................................................... 180 

Figure C17. Survival probabilities for quantum dynamics simulations with static structures 

electron-hole Coulomb coupling, and optimized EH parameters. Initial structures 

of the ten MD production runs were chosen to serve as static structures in the QD 

simulations. ........................................................................................................ 181 

APPENDIX D 

Figure D1. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/6-

31G(d) and no-cp (SCS)-MP2/cc-pVTZ are shown. ......................................... 182 

Figure D2. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/6-

31+G(d) and no-cp (SCS)-MP2/cc-pVTZ are shown. ....................................... 183 

Figure D3. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/6-

311G(d) and no-cp (SCS)-MP2/cc-pVTZ are shown. ....................................... 184 

Figure D4. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/6-

311+G(d) and no-cp (SCS)-MP2/cc-pVTZ are shown. ..................................... 185 

Figure D5. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/6-

311++G(d,p) and no-cp (SCS)-MP2/cc-pVTZ are shown. ............................... 186 



 

xxi 

Figure D6. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/cc-

pVDZ and no-cp (SCS)-MP2/cc-pVTZ are shown. .......................................... 187 

Figure D7. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with no-cp DFA/cc-

pVTZ and no-cp (SCS)-MP2/cc-pVTZ are shown. ........................................... 188 

Figure D8. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/6-

31G(d) and cp (SCS)-MP2/cc-pVTZ are shown. .............................................. 189 

Figure D9. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/6-

31+G(d) and cp (SCS)-MP2/cc-pVTZ are shown. ............................................ 190 

Figure D10. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/6-

311G(d) and cp (SCS)-MP2/cc-pVTZ are shown. ............................................ 191 

Figure D11. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/6-

311+G(d) and cp (SCS)-MP2/cc-pVTZ are shown. .......................................... 192 

Figure D12. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/6-

311++G(d,p) and cp (SCS)-MP2/cc-pVTZ are shown. ..................................... 193 

Figure D13. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/cc-

pVDZ and cp (SCS)-MP2/cc-pVTZ are shown................................................. 194 

Figure D14. Inter-porphin total interaction energy in the porphin sandwich as a function of 

inter-porphin distance. Interaction energy surfaces computed with cp DFA/cc-

pVTZ and cp (SCS)-MP2/cc-pVTZ are shown. ................................................ 195 

 Figure D15. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a 6-31G(d) basis set.

 ........................................................................................................................... 196 

Figure D16. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 



 

xxii  

Grimme's dispersion corrections. Data shown computed with a 6-31+G(d) basis 

set. ...................................................................................................................... 197 

Figure D17. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a 6-311G(d) basis 

set. ...................................................................................................................... 198 

Figure D18. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a 6-311+G(d) basis 

set. ...................................................................................................................... 199 

Figure D19. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a 6-311++G(d,p) 

basis set. ............................................................................................................. 200 

Figure D20. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a cc-pVDZ basis set.

 ........................................................................................................................... 201 

Figure D21. Counterpoise corrected PECs for porphin dimer grouped by the functional's rung 

on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or those 

with implicit corrections), Right: wavefunction methods and functionals with 

Grimme's dispersion corrections. Data shown computed with a cc-pVTZ basis set.

 ........................................................................................................................... 202 

Figure D22. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a 6-31G(d) 

basis set. ............................................................................................................. 203 

Figure D23. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a 6-31+G(d) 

basis set. ............................................................................................................. 204 



 

xxiii  

Figure D24. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a 6-311G(d) 

basis set. ............................................................................................................. 205 

Figure D25. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a 6-311+G(d) 

basis set. ............................................................................................................. 206 

Figure D26. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a 6-

311++G(d,p) basis set. ....................................................................................... 207 

Figure D27. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a cc-pVDZ 

basis set. ............................................................................................................. 208 

Figure D28. Non-counterpoise corrected PECs for porphin dimer grouped by the functional's 

rung on Jacobôs ladder of DFAs. Left: non-dispersion corrected functionals (or 

those with implicit corrections), Right: wavefunction methods and functionals 

with Grimme's dispersion corrections. Data shown computed with a cc-pVTZ basis 

set. ...................................................................................................................... 209 

Figure D29. This figure shows the difference between the (SCS)-MP2/cc-pVTZ correlation 

energy of the porphin sandwich at finite seaparation and monomers at infinite 

separation, i.e. )()( ¤=- AA

Dimer

CorrAA

Dimer

Corr RERE . The dimer correlation energy for 

both MP2 and SCS-MP2 appear to demonstrate the R-6 behavior of dispersion type 

forces. SCS-MP2 does not stabilize as deeply throught the correlation energy as 

MP2 does. .......................................................................................................... 222 

Figure D30. Shown here are the differences between the porphin sandwich cp and no-cp total 

interaction energies with all DFAs and basis sets tested as a function of inter-

monomer separation. Also shown are the number of monomer/dimer basis 

functions for each choice of basis set. ............................................................... 223 



 

xxiv 

Figure D31. Total porphin sandwich interaction energy computed with three integration grids 

of variable resolutions and two DFAs, of which the M06 functional depends on the 

kinetic energy density. ....................................................................................... 224 



 

 1 

CHAPTER 1 

General Introduction 

 The mechanism of solar energy conversion in natural light-harvesting systems relies, 

in part, on quantum mechanical properties of tetrapyrrole pigments and the interactions among 

them. The goal of this dissertation is to model the ground and excited state properties and light-

induced processes, such as light absorption and excited state energy transfer, in covalently or 

noncovalently bound tetrapyrrole based pigments. The noncovalent inter-pigment interactions 

and light-induced processes investigated here are prevalent in nearly all natural and artificial 

light-harvesting systems comprising large arrangements of tetrapyrrole based pigments. This 

chapter will provide a short overview of light-harvesting in natural and artificial systems, and 

introduce the three projects focused on modeling the light absorption in strongly interacting 

porphyrin-perylene arrays, excited state energy transfer in a covalently bound porphyrin dimer, 

and noncovalent interactions in a ˊ-ˊ stacked porphyrin dimer. 

1.1. Natureôs approach to light -harvesting 

 Light-harvesting in nature is a process by which an organism captures solar radiation 

for the synthesis of nutrients to sustain life.1 In nature, light harvesting is brought about by 

three fundamental processes that occur in a rapid sequential manner. The first is broad visible 

and near infrared light absorption by a pigment antennae. The light energy absorbed by natural 

pigment aggregates then rapidly transfers toward a specific site in a process called excited state 

energy transfer (EET). Finally, after the light energy has arrived at the reaction center 

comprised of a closely spaced arrangement of tetrapyrrole pigments, charge separation occurs. 

The charge separation step leads to dark reactions and ultimately towards the synthesis of 

chemical fuel for the organism. The pigment-protein assemblies that nature relies on to 

facilitate light harvesting, such as the Fenna-Mathews-Olsen pigment-protein complex of 

green sulfur bacteria2 or the light-harvesting complexes of purple bacteria,3 incorporate as little 

as eight and as many as hundreds of pigments into intricate non-bonded arrangements that act 

as light energy funnels, or antennae.4 
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 Pigments comprising both open and closed tetrapyrroles and carotenoids are found in 

nature (see Figure 1.1). Chlorophyll pigments (Chl a, b, c, d) exhibit long-lived red excited 

states leaving a green absorption gap. The lowest energy absorption of the Chl pigments is by 

Chl a, which exhibits intense low energy Q-band excitations. Several natural systems contain 

the bacteriochlorophyll pigments (BChl a, b, c, d, e, g) for use in low light environments; these 

pigments exhibit strong absorption at wavelengths red-shifted relative to the Chl pigments. 

(B)Chl pigment and tail modifications lead to differences in the pigment absorption profile and 

absorption strength. These modifications help to tailor an excited state energy cascade suitable 

for EET funneling, mainly from BChl b, c, d, e and Chl b, c, d pigments towards (B)Chl a. The 

energetic differences among the electronic structure of (B)Chl pigments are such that initial 

photo-absorption precedes downhill EET towards (B)Chl a pigments.  

  

Figure 1.1. Common open (phycocyanobilin) and closed (BChl a and Chl a) tetrapyrrole 

pigments and a carotenoid (rhodopsin glucoside) found in natural light-harvesting complexes. 

 The green absorption gap unmet by the (B)Chl absorption is filled by carotenoids5 and 

phycobilins6 that strongly absorb in this region. Due to their short excited state lifetimes, 

carotenoid and phycobilins are fastened near BChls and Chls to increase the likelihood of 
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transferring their excited state energy to the (B)Chls.7 The carotenoid/phycobilin to (B)Chl 

EET mechanism maximizes the time necessary for their excited state energy to migrate towards 

the reaction center. Carotenoids also play the secondary role in quenching photo-excited triplet 

Chl species to protect the organism from degradation.5 

 The individual properties of natural pigments lead to allowed visible and near-infrared 

light absorption, however, the nonbonded ˊ-ˊ stacked arrangements of pigments in natural 

antennae lead to key light-harvesting advantages as well through inter-pigment interaction. For 

example, the BChl a pigments in the light harvesting apparatus of Rhodopseudomonas 

acidophila8 are arranged into ring-like nonbonded topologies that promote coherent oscillatory 

excitations involving the entire ring system.9 Coherent excitation effects are also observed in 

the densely packed pigment complexes of plants.10 

 Nature has designed highly efficient systems densely packed with pigments whose 

collective behavior leads to efficient light-harvesting in dynamic and diverse environments 

with differing light energy density.11 The Chls and BChls that are largely responsible for the 

the light-harvesting function in natural antennae complexes derive from a diverse family of 

planar aromatic tetrapyrrole macrocycles.12 Studying the properties, both individual and 

collective, of tetrapyrrole-based pigments in natural systems13 has enabled the construction of 

novel artificial tetrapyrrole-based structures that capture and direct solar energy for our own 

purposes.14-17 

1.2. Artificial light -harvesting 

 Artificial light harvesting entails the design, synthesis and performance of human-made 

systems that undergo the pertinent processes, i.e. photoabsorption, EET and charge-separation 

(see Scheme 1.1). The aim is to harness the solar energy for technological applications, such 

as dye-sensitized solar cells (DSSCs),18-22 or dye-sensitized photoelectrosynthesis cells 

(DSPECs).23 
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Scheme 1.1. Processes relevant to artificial light-harvesting systems. Initial photoexcitation 

can be followed by either EET, charge separation, or both. In some systems, the charge 

separated state may be further stabilized by a hole transfer process. The harvested energy can 

be either used to generate electricity (DSSCs) or to drive redox reactions (DSPECs).  

 Inspired by the prevalence of tetrapyrrole pigments in nature (see Figure 1.1), many 

systems for artificial light harvesting rely on the use of porphyrin pigments as their building 

blocks.24-27 It is now possible to synthesize covalently linked multi-porphyrin arrays finely 

tuned for directional EET, charge separation, and optimal light absorption.28-30 The properties 

of porphyrin arrays can be tuned31 through the use of accessory pigments,32,33 metalation,31 

fused ring strategies,34,35 linker design,29,36-38 inter-porphyrin linking strategies39-41 and even 

through porphyrin stacking.41,42 Progress in multi-porphyrin system synthesis has also led to 

the creation of massive covalently linked porphyrin arrays43,44 and unique multi-porphyrin 

systems27,45,46 reminiscent of natureôs structural approach to light harvesting. Some of the 

common building blocks for artificial porphyrin-based light-harvesting are shown in Figure 

1.2. 

The photo absorption cross-section and transition dipole strength of primary porphyrin 

light absorbers can be enhanced through utilization of conjugated linkers that promote 

electronic interaction with accessory pigments, like those in the rylene family of dyes.33 

Accessory dyes act to fill in absorption deficiencies in the mid-visible region of the 

electromagnetic spectrum where transition dipole strength is lacking for the primary porphyrin 

absorbers,47,48 similar to the role of caretonoids and phycobilins in nature. By covalently 

linking dyes with groups that decrease pigment-pigment electronic interactions,49 pico-second 
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F rster EET50 between weakly interacting pigments may be achieved. Zinc metalated 

porphyrins have been useful as EET donors when covalently bound to freebase porphyrins, 

allowing for directional EET flow in artificial light-harvesting systems.51 Furthermore, the rate 

of energy transfer and charge separation has been shown to be dependent on the substitution 

at certain positions along the porphyrin donor ring with fluorinated groups in particular.52 To 

promote coherent nonlocal excitation effects, short conjugated groups like the ethynyl linker 

tend to be used,45 or linkers that promote ˊ-ˊ stacking arrangements and noncovalent 

interactions among the primary light absorbers.53,54 

 

  

Figure 1.2. Examples of primary light absorbers, accessory pigments, and linker groups 

utilized in artificial light-harvesting systems.  

1.3. Computational approaches towards understanding light -harvesting 

 Light-harvesting processes are inherently interesting from a quantum mechanical 

perspective.55 Excited states can either be local or delocalized across porphyrin pigments.10 

Relevant excited states, like those of the Q- and Soret-band in porphyrins exhibit multi-

configurational character.56 The excited energy is capable of migrating over very large 
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distances (tens to hundreds of Ångstroms)7 and in multiple directions, in a matter of pico-

seconds to an energy sink to perform chemistry.57 Light-harvesting systems can be engineered 

to possess effective charge separated states that act to prevent electron-hole recombination.7,58 

The flow of energy from absorption to EET to charge separation can be quite efficient.59 

Modeling light harvesting in both natural and artificial systems is a challenging undertaking, 

but can reveal interesting information related to broad and allowed visible absorption, efficient 

and controlled EET, charge transfer and non-bonded porphyrin structural motifs stabilized 

through noncovalent interactions. This section will provide a short overview of the 

computational approaches utilized in this work to model various properties of artificial light-

harvesting systems based on tetrapyrrole architectures. 

1.3.1. Modeling ground state properties and light absorption 

 For the ground-state properties of porphyrin-based systems, Kohn-Sham density 

functional theory (KS-DFT)60,61 allows for a correlated treatment of electrons appropriate for 

large pigment arrays with O(N3) scaling or better.62,63 The size of even simple pigment arrays 

can approach a few hundred atoms, which is a challenge from a computational standpoint and 

makes KS-DFT an efficient choice. Furthermore, in strongly interacting pigment systems, local 

and non-local excitations are possible and suitable computational methodologies capable of 

properly modeling both excitation types should be employed. Time dependent DFT (TD-

DFT),64,65 is a viable approach for computing excited state properties of various large pigment 

arrays. 

 The use of KS-DFT and TD-DFT for modeling ground state properties and light 

absorption in a series of porphyrin-perylene pigments is illustrated in Chapter 2. This chapter 

demonstrates that the potential energy surface (PES) of strongly coupled porphyrin perylene 

pigment arrays (PMINP; N = 1, 2, 3, 4, see Figure 1.3) permits conformational flexibility 

through low barriers of perylene pigment rotation. An analysis of the ground state electronic 

properties of the PMINP arrays at various perylene-porphyrin plane dihedral angles via KS-

DFT reveals that the extent of electronic interaction between the pigments is altered through 

conformational flexibility. The conformationally dependent electronic structure also manifests 



 

 7 

in the excited state electronic structure of these arrays as confirmed via TD-DFT natural 

transition orbital (NTO) analysis.66 An average absorption over many conformations of each 

dye results in the panchromatic absorption of PMINP arrays. Each PMINP array exhibits a 

highly-dynamic/sensitive electronic structure dependent on the dihedral angle between the 

perylene and porphyrin planes. 

  

Figure 1.3. The five PMINP (N = 1, 2C, 2T, 3, 4) arrays were used in studying panchromatic 

absorption.  

1.3.2. Excited state energy transfer in porphyrin arrays 

 Excited state energy transfer is often a critical step that follows the initial excitation in 

light harvesting (see Scheme 1.1). Given that EET in porphyrin-based arrays is a non-adiabatic 

process that operates in the pico-second time regime, modeling it poses several challenges that 

include treatment of both nuclear and electronic degrees of freedom.67-71 Non-adiabatic 

molecular dynamics (NA-MD) approaches are often employed to capture the appropriate 

electronic and nuclear degrees of freedom in the excited state.72 Since ab initio approaches to 

NA-MD are very demanding for systems with several hundred atoms, approaches where the 

electron dynamics are computed over pre-computed nuclear trajectories have been developed 

for these systems.73,74 These sequential quantum mechanical and molecular mechanics 
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(QM/MM) approaches are much faster, but rely on the notion that an excited state PES is 

relatively unchanged from the ground state PES or that the time-scale by which the excited 

state PES changes upon vertical excitation is much longer relative to the time-scale of the 

electronic process of interest. Visible excitations do not produce substantial structural changes 

in porphyrins and thus sequential QM/MM techniques can be rationalized for use on porphyrin 

arrays. The quantum-dynamics methodology developed by Batista and Rego74 is one such 

QM/MM method that has been previously used to study interfacial electron transfer into TiO2 

and the crucial influence of nuclear motion on this process.73-79 This particular QM/MM 

approach which relies on an extended Hückel (EH) Hamiltonian for the QM level has also been 

applied to prototypical porphyrin light-harvesters to study and simulate EET80 and charge 

separation81 events. 

 Chapter 3 describes the first use of the quantum dynamics approach developed by 

Batista and Rego for the simulation of EET in a meso-meso p-phenylene linked zinc-freebase 

porphyrin dyad (see Figure 1.4) through a computationally inexpensive sequential QM/MM 

methodology. Out work represents the first use of this approach for the EET modeling.  

 

Figure 1.4. The meso-meso p-phenylene linked zinc-freebase porphyrin dyad (ZnFbū) used 

in studying and simulating EET. 

 The computational methodology relies on KS-DFT to obtain and analyze the ground 

state electronic structure, which was used to tune EH parameters. Excited state properties were 

obtained with TD-DFT along with information to construct time-dependent electron-hole 

wavepackets that model the donating Zn-porphyrin localized Q-band excited state. Tight 

binding DFT MD was used to obtain pre-computed nuclear trajectories over which initial 
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wavepackets were propagated in time using a parametrized EH Hamiltonian. The methodology 

succeeded in the simulation of EET in a weakly coupled covalently linked porphyrin array 

with semi-quantitative accuracy in the rate constant of EET relative to experiment. 

1.3.3. Noncovalent porphyrin interactions in nonbonded light-harvesting topologies 

 Pigments in natural systems are often arranged into nonbonded ˊ-ˊ stacked geometries 

and held in place through pigment-pigment and pigment-protein interactions.8 The 

noncovalent pigment-pigment interactions likely involve significant attractive forces in the 

form of dispersion.82 Natural systems also tend to vary pigment density, inter-pigment spacing 

and orientation, which tunes the broad absorption by a given pigment topology away from the 

individual pigment absorption.7 Modeling noncovalent interactions, such as dispersion, 

requires a correlated treatment of electrons, which can become quite expensive for systems 

beyond tens of atoms with available post Hartree-Fock (HF) methods.83,84 Fortunately, KS-

DFT has potential to provide cheaper means to calculate properties that include a description 

of electron correlation. 

Despite the great progress of KS-DFT in recent decades,85 describing noncovalent 

interactions in porphyrin pigment assemblies still remains a challenge,86 which is especially 

true for van der Waals (vdW) or London dispersion forces.82,87-89 Many density functionals, 

including local as well as hybrid functionals like B3LYP,90 fail to describe long-range 

correlation corresponding to the R-6 decay of dispersion forces between non-polar and non-

overlapping fragments.88-92 It is also common for local functionals to underestimate attractive 

medium-range noncovalent interactions.93 The main problem is that many current exchange-

correlation functionals are near-sighted to long-range correlation whilst providing a 

sufficiently good description of short and medium-range electron correlation.89  

Perhaps one of the most widely successful attempts to account for dispersion related 

forces in approximate DFT is Grimmeôs DFT-D method originally introduced in 2004.94 In 

this method, attractive atomic-pairwise potential terms are added to a given density functional's 

electronic energy expression.94,95 Grimmeôs dispersion scheme involves  terms where 

n = 6, 8, 10,95,96 and is inherently a functional of the geometry and not of the Kohn-Sham 

Cij

n / Rij

n
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electron density.86 Nonetheless, with modest additional computational effort over KS-DFT, 

one may obtain dispersion corrected energies with an improved description of noncovalent 

interactions over the base functional,97 and in some cases with accuracy approaching results 

computed with second order Møller-Plesset perturbation theory (MP2)98 or coupled-cluster 

with iterative inclusion of single and double excitations and perturbative triple excitations 

(CCSD(T)).99-107 On the other hand, non DFT-D functionals like those in the M06 series108 

have been optimized with respect to noncovalent interaction benchmark data, such as the 

NCIE53 set,109-112 to better capture electron correlation responsible for dispersion forces 

without adding a correction term.113,114 Another technique is to forego optimizing non-DFT-D 

functionals or adding dispersion corrections altogether and instead build a fully non-local 

density functional approximation like the vdW-DF-04 functional.115-117 

 Chapter 4 focuses on benchmarking a set of 29 exchange-correlation functionals for 

calculations of noncovalent interactions in a face-to-face ˊ-ˊ stacked porphin dimer (see Figure 

1.5). The results presented in this chapter not only demonstrate the difficulty in modeling 

noncovalent interactions in porphyrin arrays in general, but also provide density functional 

recommendations for use in the investigation of weak and dispersive non-local interactions in 

-́ˊ stacked porphyrin systems. 

 

Figure 1.5. The porphin sandwich was used to investigate noncovalent interactions in non-

bonded ˊ-ˊ stacked topologies of pigments relevant for LH. 

 Finally, Chapter 5 concludes this dissertation with a discussion on how the 

computational studies herein arrived at conclusions related to the electronic and structural 

features that play a role in the photo-absorption, EET, and noncovalent interactions prevalent 

in porphyrin based light-harvesting assemblies. 
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CHAPTER 2 

This chapter was previously published: High, J. S.; Virgil, K. A.; Jakubikova, E. J. Phys. 

Chem. A 2015, 119 (38), 9879-9888. 

Electronic Structure and Absorption Properties of Strongly 

Coupled PorphyrinïPerylene Arrays 

Abstract  

Porphyrinïperylene arrays are ideal candidates for light-harvesting systems capable of 

panchromatic absorption. In this work, we employ density functional theory (DFT) and time-

dependent DFT to investigate the unique UVïvis absorption properties exhibited by a series 

of ethynyl-linked porphyrinïperylene arrays that were previously synthesized and 

characterized spectroscopically [Chem. Commun. 2014, 50, 14512-5]. We find that the ethynyl 

linker is responsible for strong electronic coupling of porphyrin and perylene subunits in these 

systems. Additionally, these arrays exhibit a low barrier to rotation around the ethynyl linker 

(<1.4 kcal/mol per one perylene substituent), which results in a wide range of molecular 

conformations characterized by different porphyrinïperylene dihedral angles being accessible 

at room temperature. The best match between the calculated and experimental UVïvis spectra 

is obtained by averaging the calculated UVïvis spectra over the range of conformations 

defined by porphyrinïperylene dihedral angle. Finally, our calculations suggest that the 

transitions in the lower energy region (550ï750 nm) can be assigned to the excitations 

originating from the porphyrin subunit; the mid-energy region transitions (450ï550 nm) are 

assigned to the perylene-centered excitations, while the high-energy transitions (350ï450 nm) 

involve contributions from both porphyrin and perylene subunits.  

2.1. Introduction  

Rational design of artificial light harvesting molecular architectures entails building 

systems that not only absorb strongly in the visible region, but also funnel excited state energy 
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to a particular site for useful chemistry.1ï3 Many natural light harvesting systems such as the 

Fenna Mathews Olson protein4ï6 and photosystem II in plants7,8 incorporate bacteriochlorins 

(BChls) and chlorophylls (Chls) as their light absorbing building blocks. Construction of BChl 

or Chl based artificial light harvesting systems is, however, very challenging.9ï13  

Porphyrins are more easily synthesized than BChls or Chls14 and also absorb light in 

the UVïvis region of the electromagnetic spectrum. In contrast to BChls, porphyrins lack 

absorbance in the red or near infrared (NIR) regions.15 The spectral coverage of porphyrins can 

be enhanced by accessory pigments16ï18 such as rylene dyes,19,20 that exhibit strong visible light 

absorption.21 Perylene-imides possess long-lived excited states16 and good fluorescence 

quantum yields,22,23 rendering them ideal candidates for accessory pigments in porphyrin 

systems that undergo efficient excited state energy transfer (EET)24ï26 and charge 

separation.25,27 

Photophysical processes in porphyrinïperylene-imide systems, in which the porphyrin 

and perylene-imide are fused18 or covalently linked via various linker groups,16,22,26 have been 

investigated experimentally. Among the porphyrin-perylene-imide systems studied are a series 

of ethynyl (e) linked freebase porphyrin (Fb) perylene-monoimide (PMI) molecular arrays, 

labeled as PMINP (N = 1, 2T, 2C, 3, and 4, see Figure 2.1).22,28 The five meso-ethynylporphyrin 

PMI structures shown in Figure 2.1 exhibit panchromatic absorption in the visible region, 

which substantially differs from the superimposed electronic absorption spectra of the Fb and 

PMI subunits.28 The unique features of the UVïvis spectra of these meso-ethynylporphyrin 

PMI systems are related to strong electronic coupling between Fb and PMI subunits, which is 

mediated by the ˊ-system of the ethynyl linker.22,28,29 

Density functional theory (DFT)30 and time-dependent DFT (TD-DFT)31 calculations 

are employed here to investigate the ground and excited state properties of PMINP arrays. The 

aim of this work is to explain the panchromatic absorption of these systems through 

computational analysis of calculated excited states at key nuclear conformations. 
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Figure 2.1. PMINP arrays (N = 1, 2T, 2C, 3, and 4) investigated in this work. 

2.2. Computational Methodology 

 All PMI NP arrays were optimized in vacuum employing the B3LYP functional32,33 and 

6-31G* basis set.34,35 Note that 4-tert-butylphenol moieties attached at 7- and 12- positions of 

PMI in the experimentally studied systems28 were not included in our calculations for 

simplicity as they do not significantly affect the electronic structure of these systems. 

Calculation and analysis of the normal modes and their frequencies ensured that the optimized 

structures correspond to the energy minima on the potential energy surface (PES). Relaxed 

PES scans were performed for each PMINP system by constraining a single porphyrinïperylene 

dihedral angle defined by atoms C1, C2, C3 and C4 (see Figure 2.2) during optimization. The 

dihedral angle was constrained in 15° increments starting at 0°, covering the entire 360° range 

of PMI rotation. Potential energy surface scans related to synchronous rotation of all PMIs 

were also obtained in which all porpyhrinïperylene dihedral angles (see Figure 2.2) were 

constrained to values between 0° and 360° with an increment of 15°, starting from the 

conformation in which all porphyrin-perylene dihedral angles are set to 0°. Single-point energy 
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calculations utilizing CAM-B3LYP/6-31G* level of theory at the B3LYP/6-31G* constrained-

optimized structures were employed to obtain PESs with the CAM-B3LYP functional. 

 Electronic absorption spectra were calculated for all optimized and constained-

optimized structures utilizing the time-dependent DFT (TD-DFT) approach36ï40 at the 

B3LYP/6-31G* and CAM-B3LYP/6-31G* levels of theory in a vacuum. Excitation energies 

were calculated up to 350 nm. Electronic absorption spectra were generated by convoluting 

stick spectra with Lorentzian functions centered at each excitation wavelength, with a half-

width at half-maximum (hwhm) of 0.04 eV. An average UVïvis absorption spectrum was 

calculated for each molecule by computing the arithmetic mean of UVïvis absorption spectra 

calculated at various conformations along the PES. Comparisons were made between the 

calculated average and experimental UVïvis spectrum for all PMINP systems studied. All 

calculated excitations were analyzed in terms of Natural Transition Orbitals (NTOs).41 

Although no solvent model was employed in these calculations, we confirmed that employing 

the polarizable continuum model42ï44 (PCM) with a variety of solvents does not substantially 

affect the calculated excitation characteristics or the shapes of the frontier molecular orbitals 

(MOs) of each porphyrinïperylene system (see Appendix A.6., Figure A.19 and Appendix 

A.8. Figures A28-A39). This is the case regardless of whether one utilizes the B3LYP or CAM-

B3LYP functional. All calculations were performed with Gaussian 09 software package.45  

 

Figure 2.2. Structure of PMI1P array with atoms C1-C4 defining constrained porphyrin-

perylene dihedral angle. 
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2.3. Results and Discussion 

2.3.1. Ground State Structure of PMINP Arrays 

The ground state structures of all PMINP arrays were obtained in a vacuum at the 

B3LYP/6-31G* level of theory. The optimized structures can be found in the Appendix 

(Appendix A.1., Figure A.1). Table 2.1 summarizes the optimized dihedral angles between the 

Fb and PMI subunits for all arrays. The calculated porphyrin-perylene dihedral angles (see 

Figure 2.2) fall between 22° and 30°, indicating strong electronic interactions between Fb and 

PMI subunits mediated by the ethynyl linker. The porphyrin-toluenyl dihedral angles in all 

PMINP systems range from 66° to 71°. Note that the CAM-B3LYP optimized structures are 

nearly indistinguishable from the B3LYP optimized structures (see Appendix A.1., Figure A2 

and Table A1). 

Table 2.1. Porphyrinïperylene dihedral angles for B3LYP optimized PMINP arrays.a  

Porphyrinï

perylene Array 

FbïPMI1  

dihedral angle 

(deg) 

FbïPMI2  

dihedral angle 

(deg) 

FbïPMI3  

dihedral angle 

(deg) 

FbïPMI4  

dihedral angle 

(deg) 

PMI1P 27.8    

PMI2TP 23.6 23.9   

PMI2CP 23.7 24.6   

PMI3P 22.4 25.3 23.8  

PMI4P 24.1 29.9 24.7 25.2 

aMultiple porphyrinïperylene dihedral angles exist for PMI2TP, PMI2CP, PMI3P and PMI4P 

and are differentiated from one another by the subscript following the PMI subunit. 

 Potential energy surface scans with respect to the dihedral angle between Fb and PMI 

subunits defined in Figure 2.2 were performed in order to assess conformational flexibility of 

each PMINP array. Two types of PES scans were performed: one in which a single PMI subunit 

was rotated around the ethynyl linker and the second one in which all PMI subunits were 

rotated synchronously. The maxima of the PES scans provide the upper bounds to the energies 
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required to rotate PMI subunits around the ethynyl linker. As can be seen in Figure 2.3, the 

upper bound to the barrier to rotation of a single PMI subunit is 0.7ï0.9 kcal/mol at the CAM-

B3LYP level and 1.2ï1.4 kcal/mol at the B3LYP level (see Appendix A.3., Figure A4). 

 

Figure 2.3. CAM-B3LYP potential energy surfaces related to individual rotation of each PMI 

substituent for PMINP arrays. The largest ȹE relative to the lowest energy structure on the PES 

are boldface. 
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 The barrier to synchronous rotation of all PMI subunits depends on the number of PMI 

substituents and ranges from 0.9 kcal/mol for PMI1P to 2.9 kcal/mol for PMI4P array at the 

CAM-B3LYP level and 1.4ï4.3 kcal/mol at the B3LYP level (see Appendix A.2., Figure A3). 

The PES scans result in small upper bounds for PMI rotation with a maximum upper bound 

for PMI4P of 4.3 kcal/mol at the B3LYP level and 2.9 kcal/mol at the CAM-B3LYP level (see 

Appendix A.2., Figure A3). It has been demonstrated that one can expect an uncertainty of 3ï

4 kcal/mol in DFT calculated activation barriers.46,47 The barriers we report do not result from 

transition state searches; however, it is assumed that even with the uncertainty in the calculated 

upper bounds to PMI rotation, PMINP conformations with the entire range of dihedral angles 

(0°ï360°) are thermally accessible at the room temperature. 

2.3.2. Ground State Electronic Structure of PMINP Arrays 

Molecular orbital energy levels in the frontier energy region of the optimized Fb-e and 

PMI-e monomers as well as all PMINP arrays are shown in Figure 2.4. The HOMO and LUMO 

of Fb-e exhibit electron density on the ethynyl linker as does the HOMO and LUMO of PMI-

e. Mixing between the four MOs of Fb (HOMO-1 to LUMO+1) and two frontier MOs of PMI 

via the ethynyl linker leads to six characteristic MOs in the dyad picture of PMI1P. These six 

characteristic MOs of PMI1P consist of two nominally non-bonding, Fb localized MOs 

(HOMO-1 and LUMO+2) and four delocalized MOs. Only the MOs of the porphyrin and 

perylene subunits that display electron density on the meso carbon proximal to the ethynyl 

linker mix to form delocalized MOs in the PMINP systems studied here. The delocalized 

character of the frontier MOs of PMINP is the same at the B3LYP level as it is for the CAM-

B3LYP level (see Appendix A.4., Figure A6). The MO energy gaps in the frontier region are 

also similar with the exception of the HOMOïLUMO gap, which is larger with the CAM-

B3LYP functional (see Appendix A.4., Figure A6). 

The MOs of PMI2TP, PMI2CP, PMI3P and PMI4P in the frontier energy region are 

similar to that of PMI1P, with the exception of small differences that arise from additional 

degenerate PMI MOs present in each system. Each consecutive PMI accessory pigment adds 

two MOs to the frontier MO region of the array. The frontier MOs of the larger arrays are 
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delocalized across the central porphyrin and PMI accessory pigments. This delocalization 

originates from extensive MO mixing between the HOMOs and LUMOs of Fb and the PMI 

subunits via the ethynyl linkerôs ˊ orbitals. The frontier MOs of the B3LYP optimized PMI2CP, 

PMI2TP, PMI3P and PMI4P are shown in Appendix A.5., Figures A8-A11 respectively. 

 

Figure 2.4. The HOMO, LUMO and frontier CAM-B3LYP MO energy levels of B3LYP 

optimized Fb-e, PMI-e, PMI1P, PMI2CP, PMI2TP, PMI3P and PMI4P. The red horizontal lines 

indicate the HOMO and LUMO energy levels of each system. 

 Although the MOs of all molecular arrays are similar in shape, the HOMOïLUMO 

(HL) gaps systematically decrease with number of PMI-e substituents (see Figure 2.5). 

Interestingly, the HL gaps of PMI2CP and PMI2TP differ only by 0.08 eV at the B3LYP level 

and 0.12 eV at the CAM-B3LYP level. This indicates that the resulting HL gap is not very 

sensitive to the substitution position of the PMI-e group on the Fb macrocycle, although 

multiple conformations are only possible with two PMI substituents. The reduction in the HL 

gap with increasing number of PMI substituents is related to the extensive mixing among the 

porphyrin and perylene p orbitals as observed in similar systems with a high degree of ˊ-

conjugation.48 Orbital energies obtained from range-corrected hybrid functionals correlate 
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better to experimental ionization potentials (IPs) and electron affinities (EAs) than those from 

the B3LYP functional.49,50 For this reason, it is important to examine the HL gaps of each 

B3LYP optimized array at both B3LYP and CAM-B3LYP levels of theory. While the CAM-

B3LYP functional results in larger HL gaps than the B3LYP functional, both functionals 

display the same trend of decreasing HL gap as a function of the number of PMI substituents.  

 

Figure 2.5. Plot of the B3LYP and CAM-B3LYP HL gap as a function of the number of PMI-

e substituents bound to the central Fb at the meso positions. The B3LYP optimized structures 

were used here. 

2.3.3. Conformational Flexibility and Electronic Structure of PMINP Arrays  

According to the constrained PES scans shown in Figure 2.3 and in Figures A3 and A4 

of the Appendix A.2., conformations with any set of Fb-PMI dihedral angles between 0° and 

360° are likely thermally accessible at room temperature. Since the extent of the MO 

delocalization is strongly affected by the dihedral angle between the Fb and PMI subunits, the 

electronic structure of all PMINP arrays was examined at conformations in which all PMI 

substituents are either orthogonal or coplanar to the Fb macrocycle. The conformation in which 

PMINP dihedral angle is equal to 90Á is referred to as the ñorthogonal caseò while the 

conformation with 0Á dihedral angle is referred to as the ñcoplanar caseò.  

The six frontier orbitals of PMI1P with a porphyrinïperylene dihedral angle of 0°, 27.8° 

(ground state optimized structure) and 90° obtained at the CAM-B3LYP level of theory are 

shown in Figure 2.6. The frontiers MOs of PMI1P in the orthogonal case resemble those of the 
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isolated Fb-e and PMI-e subunits (see Figure 2.4). As the porphyrin and perylene planes in 

PMI1P approach planarity, their MOs become delocalized over the entire molecule. This is in 

contrast to the MOs in the orthogonal case, in which they are entirely Fb- or PMI-localized. 

The MO energies also change as a result of the MO mixing between Fb and PMI. For example, 

the PMI1P HL gap at the CAM-B3LYP level decreases from 4.09 eV in the orthogonal case to 

3.75 eV in the coplanar case. While only the impact of Fb-PMI dihedral angles within the first 

quadrant of PMI rotation (0° and 90°) on the electronic structure of PMINP are discussed here, 

the effects arising from PMI-rotation in the second (90°ï180°), third (180°ï270°) and fourth 

quadrants (270°ï360°) are the same. The CAM-B3LYP calculated frontier MOs of the B3LYP 

optimized PMI1P structures in Figure 2.6 have nearly identical shapes as those calculated at 

the B3LYP level (see Appendix A.5., Figure A7). 

 

Figure 2.6. CAM-B3LYP frontier MOs of B3LYP optimized PMI1P and PMI1P optimized 

with porphyrinïperylene dihedral angle constrained to 0° and 90°. 

The effects of PMI rotation on the electronic structure of PMI1P are transferable to the 

larger PMINP systems. In the orthogonal case of the larger arrays, there are four Fb localized 

MOs in the frontier energy region and 2, 3, or 4 degenerate sets of PMI localized MOs, 

depending on the number of PMI substituents (see Appendix A.5, Figures A12ïA15). In the 
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coplanar case, most of the MOs of PMINP arrays in the frontier energy region become 

delocalized, and the degeneracy of the PMI localized MOs breaks through extensive MO 

mixing. 

The HL gaps of PMINP arrays decrease as the Fb and PMI subunits approach 

coplanarity, as demonstrated by the B3LYP and CAM-B3LYP HL gap energies for coplanar 

and orthogonal conformations summarized in Table 2.2. The magnitude of the change in the 

HL gap upon PMI rotation depends on the number of PMI-e substituents. The frontier MO 

energies of PMI2CP and PMI2TP are very similar and appear to be unaffected by the substitution 

site of the PMI-e groups. For example, the energy difference between the HOMO of PMI2CP 

and PMI2TP is 0.00 eV at the B3LYP level (see Appendix A.5., Figures A8 and A9 for the 

B3LYP MO energies of PMI2CP and PMI2TP) and 0.01 eV at the CAM-B3LYP level. This 

observation extends to the change in the HL gap upon PMI rotation (ȹHL gap). For PMI2CP 

and PMI2TP, ȹHL gap differs by roughly 0.06 eV at the B3LYP level and 0.04 eV at the CAM-

B3LYP level. 

Overall, the HL gaps and other electronic structure properties vary smoothly with the 

change in the FbïPMI dihedral angles between the two extremes given by the coplanar and 

orthogonal conformation. The increase in ȹHL gap of PMINP as a function of the number of 

PMI substituents is independent of whether the CAM-B3LYP or B3LYP function was utilized. 

Note that while we have chosen to focus in this work on studying the implications of PMI 

rotation on the electronic structure of PMINP, bending motion of the ethynyl linker, which has 

been experimentally observed in related porphyrin systems equipped with diphenylethyne and 

diphenylbutadiyne linkers,51 could also have an impact on the electronic properties of these 

systems. 
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Table 2.2. Change in the B3LYP calculated HOMOïLUMO gap (ȹHL Gap) at the extremes 

where all PMI substituents are orthogonal to or coplanar with the central Fb porphyrin.a 

system 
orthogonal 

HL gap (eV) 

coplanar 

HL gap (eV) 
ȹHL gap (eV) 

PMI1P 2.20 (4.09) 2.00 (3.75) 0.20 (0.34) 

PMI2TP 2.29 (4.11) 1.79 (3.44) 0.50 (0.67) 

PMI2CP 2.30 (4.19) 1.86 (3.56) 0.44 (0.63) 

PMI3P 2.38 (4.10) 1.73 (3.37) 0.65 (0.73) 

PMI4P 2.36 (4.05) 1.64 (3.25) 0.72 (0.80) 

aThe CAM-B3LYP data is shown in parenthesis. The B3LYP optimized structures were 

utilized here. 

2.3.4. Absorption Spectrum of PMI 1P 

The utility of the B3LYP and CAM-B3LYP functionals in calculations of the 

absorption spectra of PMINP arrays was examined first. It is important to note that the ground 

state electronic structure of PMINP arrays obtained with the two functionals is virtually 

identical. The shapes of the MOs in the frontier energy region as well as their energetic 

ordering obtained at the optimized, coplanar, and orthogonal conformations are nearly identical 

for all PMINP systems (see Appendix A.6., Figures A16ïA21). However, the utilization of the 

CAM-B3LYP functional results in significantly larger HL gaps for all systems investigated. 

For example, the HL gap of optimized PMI1P increases from 2.04 eV with B3LYP to 3.82 eV 

with CAM-B3LYP. The increase in the HL gap with the CAM-B3LYP functional can be 

attributed the inclusion of 65 % Hartree-Fock (HF) exchange in the CAM-B3LYP functional 

at long-range distances.52  

 The UV-vis spectra of the Fb-e and PMI-e monomers calculated at the B3LYP and 

CAM-B3LYP levels of theory are shown in Figure 2.7. The profile of the calculated absorption 

spectra is similar for both functionals. The spectrum calculated with the CAM-B3LYP 

functional displays a blue shift of the porphyrin Soret- and Q-band excitations as well as the p 
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to p* perylene excitations. Such blue shifts in CAM-B3LYP calculated excitation energies 

relative to the B3LYP calculations are common.46 

 

Figure 2.7. Simulated UVïvis spectra of Fb-e, PMI-e and PMI1P where vertical sticks are 

calculated excitations with height equal to calculated oscillator strength (right y-axis). The 

solid and dashed lines correspond to the UVïvis spectra calculated at the B3LYP and CAM-

B3LYP levels of theory, respectively. 

The UVïvis spectra of PMI1P calculated at both levels of theory do not resemble the 

superimposed spectra of the Fb-e and PMI-e subunits (see Figure 2.7). This is a consequence 
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of strong electronic coupling between the Fb and PMI subunits mediated by the ethynyl linker. 

The strong electronic coupling in PMI1P is in part manifested by delocalization of the MOs in 

the frontier energy region over the entire molecule (see Figure 2.4). In the limit of weak 

electronic coupling, little to no MO mixing would occur between the Fb and PMI subunits of 

the PMI1P dyad, and the UVïvis spectrum would resemble the superposition of the Fb-e and 

PMI-e spectra. 

There are clear differences in the B3LYP and CAM-B3LYP calculated UVïvis spectra 

of PMI1P. The absorption spectrum calculated with the B3LYP functional contains 23 

excitations in the visible region (ɚ > 350 nm), while the CAM-B3LYP calculated spectrum 

contains only six excitations. The CAM-B3LYP absorption spectrum also appears to be blue-

shifted relative to the B3LYP spectrum, and various peaks display different relative intensities. 

 The NTOs for the most intense excitations of the PMI1P array (excited states 1ï3, 5, 

and 12) calculated with the B3LYP functional are shown in Figure 2.8. Only NTO pairs whose 

percent contributions to the electronic transition sum are greater than 90% were analyzed. All 

excitations were examined in the Q-band region (ɚ > 500 nm). In the Soret region (ɚ < 500 

nm), only excitations with high oscillator strength (f > 0.5) were analyzed. The NTOs as 

calculated at the B3LYP level are generally delocalized over the entire system, with the 

exception of the excitations at 685.80 nm and 606.16 nm that exhibit a partial charge transfer 

(CT) character. It should be noted that in the orthogonal case of PMI1P, NTO analysis reveals 

that the lowest energy B3LYP excitation at 660.80 nm is a CT state in which the particle is 

localized on the PMI subunit, and the hole is Fb-localized (see Appendix A.8., Figure A26). 

The B3LYP functional is well known to underestimate excitation energies for CT states in 

related bacteriochlorin systems.53ï55 Calculated CAM-B3LYP excitation energies for PMI1P 

are more reliable, as CAM-B3LYP was developed specifically to address the underestimation 

of CT excitation energies.52,56,57 

The NTOs calculated at the CAM-B3LYP level of theory for the most intense 

excitations of PMI1P (excited states 1'ï3', 5' and 6') are also shown in Figure 2.8. In general, 

there is no one-to-one correspondence between the excitations calculated at the CAM-B3LYP 

and B3LYP levels of theory (compare the left and right columns of Figure 2.8). The lowest 
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energy excitation calculated with CAM-B3LYP functional corresponds to a Fb localized 

transition, in contrast to the Fb to PMI charge-transfer excitation obtained at the B3LYP level 

of theory. 

 

Figure 2.8. Frontier NTOs for the most intense UVïvis excitations of PMI1P calculated with 

the B3LYP (left) and CAM-B3LYP (right) functional. 

Although the majority of conclusions drawn here are for calculations in vacuum, it 

should be noted that there is also no one-to-one correspondence between excitations calculated 

at the CAM-B3LYP and B3LYP level of theory when employing the PCM with a variety of 

solvents (see Appendix A.9., Figures A28ïA39). However, there does appear to be a one-to-

one correspondence between excitations calculated with the same functional, but with different 



 

 36 

solvents. For example, the lowest energy excited state calculated for PMI1P at the B3LYP level 

of theory retains its Fb to PMI CT character as described by NTOs regardless of the polarity 

of the solvent (see leftmost column of Appendix A.9., Figures A28ïA33). 

2.3.5. Average Absorption Spectrum of PMI1P  

Since the electronic structure of PMI1P is significantly influenced by relative 

orientation of Fb and PMI subunits (see Figure 2.6), it is expected that the electronic absorption 

spectrum is also sensitive to the Fb-PMI dihedral angle. Moreover, the estimated upper bound 

to PMI rotation in PMI1P is low (< 0.9 kcal/mol at CAM-B3LYP level and < 1.4 at B3LYP 

level; see Figure 2.3 and Appendix A.3., Figure A4), suggesting that conformations with a 

variety of porphyrinïperylene dihedral angles should be accessible at room temperature.  

 Electronic absorption spectra of PMI1P calculated at conformations with dihedral 

angles between 0° to 90° as well as the averaged spectrum are shown in Figure 2.9. The 

calculated absorption spectrum of PMI1P changes significantly depending on Fb-PMI dihedral 

angle. Moreover, the average absorption spectrum is more consistent with the experimental 

spectrum than any single calculated absorption spectrum. The four features of the experimental 

spectrum of PMI1P are reproduced by the calculated CAM-B3LYP average where each peak 

is blue-shifted from the experimental peaks by no more than 0.4 eV. The agreement between 

the lowest energy peak calculated with the B3LYP functional and the lowest energy peak 

obtained from experimental measurements is coincidental, as this peak corresponds to a CT 

state (see Appendix A.8., Figure A27) whose excitation energy is likely underestimated by the 

B3LYP functional. Overall, the CAM-B3LYP functional reproduces the experimental data 

better than the B3LYP functional. Thus, the CAM-B3LYP functional is employed in 

calculations of absorption spectra for all PMINP arrays. 
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Figure 2.9. Simulated UVïvis of the optimized PMI1P, and relaxed PMI1P conformations with 

various FbïPMI1 dihedral angles denoted by ɗ calculated with B3LYP (top) and CAM-B3LYP 

(middle). The average of all the individual simulated spectra is also shown for each functional. 

The experimental room temperature UVïvis of PMI1P in toluene is also shown (bottom).28 

While Figure 2.9 only shows the calculated absorption spectra for conformations with 

Fb and PMI dihedral angles between 0 ̄and 90̄, absorption spectra were also calculated for a 

range of dihedral angles from 90̄ to 360̄ . Multiple conformations of PMI1P dyad display 

nearly identical absorption spectra. For example, two absorption spectra calculated for 

conformations with a porphyrinïperylene dihedral angle of 0° and 180° exhibit virtually 

identical features. Therefore, the features of the calculated average spectrum are independent 

of whether the average is calculated for conformations in which the dihedral angle varies from 

0  ̄and 90̄ or from 0̄  and 360̄ (see Appendix A.7., Figures S23-S25). 
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 Note that the calculated spectral features of PMI1P smoothly change in their 

wavelength and intensity as the perylene plane is rotated away from the porphyrin plane and 

as the electronic structure of the system changes to resemble that of the Fb and PMI subunits. 

Furthermore, the PMI1P spectrum obtained by averaging calculated PMI1P spectra at key 

conformations with porphyrinïperylene dihedral angles of 0°, 30°, 45°, 60° and 90° exhibits 

features and peak intensities consistent with a more complete average (see Appendix A.7., 

Figure A25). Calculated spectra at a few key conformations are therefore sufficient to obtain 

an average PMI1P spectrum in a good agreement with the experimental spectrum. 

2.3.6. Absorption Spectra of PMINP 

 TD-DFT calculations on larger arrays are very resource-intensive. Therefore, their 

absorption spectra were calculated only at five key conformations in which all porphyrinï

perylene dihedral angles were constrained to 0°, 30°, 45°, 60° and 90°. The simulated CAM-

B3LYP UVïvis spectra for PMI2CP, PMI2TP, PMI3P, and PMI4P are shown in Figure 2.10. 

Just like in the case of the PMI1P spectrum, their spectral features change smoothly in 

wavelength and intensity as the dihedral angle between the PMI and Fb subunits changes from 

0° to 90°.  

NTOs were used to characterize the calculated transitions of the larger arrays (see 

Appendix A.10., Figures A40-A46). Based on the NTO analysis, the calculated absorption 

spectra can be divided into three regions according to the origin of the excitations: Excitations 

in the 600ï700 nm range correspond to the Fb-localized transitions, while excitations in the 

500 nm range are PMI-localized. The high-energy excitations in the Soret region exhibit mixed 

Fb-PMI character. The high-energy mixed states include contributions from Fb-localized, 

PMI-localized, delocalized and CT NTO pairs rendering them difficult to assign by NTO 

analysis alone. Furthermore, it should be noted that the NTOs for all PMINP excitations at 

conformations other than the orthogonal case resemble the NTOs for excitations in the 

orthogonal case with the difference of being slightly more delocalized. At the CAM-B3LYP 

level, the high-energy intense mixed excitations of PMINP arrays are the only excitations that 

exhibit CT transfer character. The most predominant NTO pairs that exhibit CT character for 
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high-energy mixed excitations show charge moving from the porphyrin to perylene(s), from 

perylene(s) to the porphyrin, or from perylene(s) to perylene(s). 

 

Figure 2.10. Simulated CAM-B3LYP UVïvis spectrum of PMI2CP, PMI2TP, PMI3P, and 

PMI4P with various Fb-PMI dihedral angles. The vertical dashed lines separate regions in 

which excitation character changes. The gray labels denote the character of excitations in each 

region. 

 The average spectra displayed in Figure 2.11 were obtained by averaging over the 

simulated spectra for each PMINP array shown in Figure 2.10. The peaks in the calculated 

spectra are systematically blue-shifted in comparison to the experimental spectrum. The main 

qualitative features of the experimental spectra, such as the broadening of the absorption bands 

with increasing system size, are also reproduced by the calculated spectra. The peak near 400 

nm also appears to lose relative intensity with increasing number of PMI accessory pigments, 
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which is consistent with the relative attenuation of the apparent Soret peak in the experimental 

spectra.28  

 

Figure 2.11. Calculated average CAM-B3LYP spectra of PMI2CP, PMI2TP, PMI3P, and 

PMI4P. The experimental spectrum at room temperature in toluene is overlaid for each 

porphyrinïperylene array.28 All spectra were normalized to the maximum peak in the 

spectrum. 
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 The assignment of the calculated peaks shown in Figure 2.11 was done based on the 

NTO analysis of the individual transitions obtained at various conformations included in the 

averaged spectra. 

2.4. Conclusions 

The ground and excited state electronic structure of PMINP arrays was investigated by 

DFT and TD-DFT calculations. Analysis of the ground state electronic structure of each array 

suggests that Fb is strongly coupled to the PMI substituents via the ethynyl linkers. Potential 

energy surface scans reveal a very low barrier to rotation of PMI subunits around the ethynyl 

linkers (<1.4 kcal/mol at the B3LYP level and <0.9 at the CAM-B3LYP level for a single PMI 

subunit), with conformations of Fb-PMI dihedral angles at 90° and 270° being the least stable. 

The extent of electronic coupling between the Fb and PMI subunits strongly depends on the 

FbïPMI dihedral angle. The frontier MOs are completely delocalized over the entire array 

when the Fb and PMI subunits are coplanar, while they become Fb- or PMI-localized when 

their ring planes are orthogonal. 

The CAM-B3LYP functional is well suited for calculating electronic excitations of 

strongly coupled FbïPMI systems, as it provides a better qualitative agreement with the 

experimental absorption spectrum than the B3LYP functional and does not underestimate CT 

excitation energies. 

Calculated absorption spectra of all PMINP arrays display a strong dependence on the 

dihedral angle between the PMI and Fb subunits. Therefore, it is necessary to average 

absorption spectra over a range of different conformations to obtain a good agreement between 

the calculated and experimental spectra of various arrays. The results of the NTO analysis 

suggest mid- and low-energy excitations are localized on PMI and Fb subunits, respectively, 

while the high-energy excitations are more complex and involve contributions from both Fb 

and PMI subunits. 
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CHAPTER 3 

This chapter was previously published: High, J. S.; Rego, L. G. C.; Jakubikova, E. J. Phys. 

Chem. A 2016, 120 (41), 8075-8084. 

Quantum Dynamics Simulations of Excited State Energy 

Transfer in a Zinc - Free-Base Porphyrin Dyad 

Abstract  

Rational design of artificial light-harvesting molecular architectures entails building 

systems that absorb strongly in the visible and near-IR region of the electromagnetic spectrum 

and also funnel excited state energy to a single site. Ability to model nonadiabatic processes, 

such as excited state energy transfer (EET), that occur in such systems on picosecond time 

scale can aid in the development of novel artificial light-harvesting arrays. A combination of 

density functional theory (DFT), time-dependent DFT, tight-binding molecular dynamics, and 

quantum dynamics is employed here to simulate EET in the ZnFbū dyad, a model artificial 

light-harvesting array that undergoes EET with an experimentally measured rate constant of 

(3.5 ps)-1 upon excitation at 550 nm in toluene [Yang et al., J. Phys. Chem. B 1998, 102, 

9426ī9436]. We find that in order to successfully simulate the EET process, it is important to 

(1) include coupling between nuclear and electronic degrees of freedom in the QD simulation, 

(2) account for Coulomb coupling between the electron and hole wavepackets, and (3) 

parameterize the extended Hückel model Hamiltonian employed in the QD simulations with 

respect to the DFT. 

3.1. Introduction  

Photosynthetic organisms employ light harvesting systems1ī9 to transform light energy 

into chemical energy. Natural photosynthesis relies heavily on excitation energy transfer10ī16 

(EET) and upon photo-absorption, excited state energy is funneled toward a reaction center to 

ultimately be used in chemical reactions.17ī21 In nature, bacteriochlorophylls (BChl) and 
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chlorophylls (Chl) are arranged into large macrostructures, which undergo EET with near 

perfect quantum efficiency.22 

Substantial effort has been dedicated to designing artificial systems that mimic the 

light-absorption, energy transfer and charge separation capabilities of pigment assemblies in 

plants and bacteria.23ī25 In particular, studies of porphyrin dyads connected through various 

linkers have shown that EET rates in such artificial systems depend on donorīacceptor distance 

as well as orientation,26ī29 steric hindrance of the linker,30 linker-attachment site,31 array 

topology29,30,32 and the presence of electron donating or withdrawing groups.31,33 Yang and 

Kim have summarized important factors that affect EET rates in multiporphyrin arrays that 

include the extent of excitonic dipoleīdipole interactions and extensive -́conjugation.34 

 Porphyrin dyads, such as the mesoīmeso phenylene-linked zinc-free-base porphyrin 

(ZnFbū, Figure 3.1), represent simple model systems for studies of EET in multiporphyrin 

arrays. The ZnFbū dyad undergoes rapid EET from the zinc porphyrin (Zn) to the free-base 

porphyrin (Fb), (kEET = (3.5 ps)-1) upon photoexcitation at 550 nm.33 Experimental studies 

comparing absorption and redox properties of the ZnFbū dyad with those of the Zn and Fb 

monomers confirmed relatively weak electronic coupling between the monomers in the dyad.33 

However, it was noted that the electronic coupling in ZnFbū is stronger than in porphyrin 

dyads with longer linkers and slower EET rates.33 Due to the abundance of experimental data, 

ZnFbF represents an ideal model system for the testing and development of new computational 

approaches to simulations of EET processes.  

Computational studies play an important role in elucidating the underlaying mechanism 

of charge and excited state energy transfer in molecular arrays as well as dyeīnanoparticle 

assemblies. Approaches based on the reduced density matrix, such as the Redfield theory, are 

often used to model quantum dynamics in light-harvesting systems.35 For example, Redfield 

theory has been successfully employed in modeling energy transfer within the reaction center 

of photosystem II,36 and a modified Redfield theory was used to model energy transfer and 

trapping kinetics in Photosystem I.36 A number of other quantum dynamics (QD) 

methodologies, both fully quantum mechanical and mixed quantum-classical (MQC),37,38 have 

been developed and applied to simulate photoinduced dynamics in molecular and condensed 
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matter systems. Fully quantum mechanical methodologies include the time dependent hartree 

(TDH) methods.37ī44 Some of the predominant MQC methods inculde the Ehrenfest,45 fewest 

switches surface hopping,38,46ī51 density matrix propagation,52,53 quantum Liouville,46 and 

Bohmian mechanics methodologies.54ī56 

 

Figure 3.1. Molecular structure of mesoīmeso p-phenylene linked zincīfreebase porphyrin 

dyad (ZnFbF). 

In this work, we investigate the EET in a model ZnFbū dyad (Figure 3.1), utilizing a 

mixed time-dependent quantum-classical dynamics method that propagates wavepackets by 

solving the time-dependent Schrödinger equation using an extended Hückel (EH) 

Hamiltonian.57 This approach has been previously employed in the simulations of excited-state 

charge separation in a carotenoidīporphyrinīfullerene system,58 dynamics of metal-to-ligand 

charge transfer excited states in solvated tris-bipyridine ruthenium(II) complexes,59 and 

interfacial electron transfer in sensitized TiO2 anatase.60ī65  

Compared to conventional (ground-state) molecular dynamics, nonadiabatic molecular 

dynamics (NA-MD) is a much more demanding computational method, owing to the fact that 

it is carried out in the excited state and also because the time steps of simulation must be 

considerably smaller than in common ground-state MD. The most common NA-MD methods 

separate the electron and nuclear dynamics propagation, by treating the nuclei by classical 

mechanics in mixed quantumïclassical approaches. Some high level of ab initio NA-MD 

methods are Newton-X,66 Molpro,67 CPMD,68 Octopus69 and JADE.70 Essentially, the theory 

used to calculate the potential energy surfaces determines the computational cost of NA-MD 

methods. Therefore, the large number of degrees of freedom hinders the use of first principle 
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methods, especially if there is the necessity to describe excited-state dynamics. The demand 

for computationally feasible NA-MD methods promoted the use of semiempirical methods for 

mixed quantumïclassical dynamics based on the extended Hückel method, such as the one 

used in this work.  

Another approach to accelerate the simulation consists of calculating the electron 

dynamics upon a previously calculated nuclear trajectory. This is known as sequential MM-

QM approach58,65 or, equivalently, the classical path approximation (CPA),71 as implemented 

in the PYXAID package.72 It is based on the assumption that the excited potential energy 

surface does not change remarkably from ground to excited state, or when it changes more 

slowly than the process studied. Because the ZnFbF dyad studied in this work does not 

undergo large structural changes upon excitation (i.e., isomerization, dissociation, etc., see ref. 

33), this first approximation to nuclear-electron coupling should provide a good qualitative 

description of the process investigated. The sequential MM-QD approach is faster from the 

computational viewpoint than the direct coupling between the electronic and nuclear degrees 

of freedom and provides a semiquantitative description of dynamic phenomena in the excited 

state. Thus, it allows us to model the quantum dynamics of energy transfer in a molecular 

system composed of almost 200 atoms within the atomistic framework on a picosecond time 

scale, using only moderate computing resources. 

In addition to the simulations of EET in ZnFbū dyad, a new approach for construction 

of initial wavepacket based on the results of time-dependent density functional theory 

calculations is also presented. This work represents the first time this particular QD approach 

has been used to simulate EET in a molecular system with a semiquantitative accuracy and 

thus opens up its application to a wider class chemical systems. 

3.2. Computational Methodology  

3.2.1. Electronic Structure Calculations 

Structure optimization of ZnFbū was performed with the B3LYP exchange-correlation 

functional.73ï75 The 6-31G* basis set76,77 was employed for C, H, and N atoms, wheras the 

LANL0878,79 effective core potential and associated basis set were used for zinc. A frequency 
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calculation verified that the optimized structure lies at a minimum of its potential energy 

surface. The Gaussian 09 software package80 was employed for all DFT calculations. 

All UVïvis spectra were calculated using time-dependent DFT (TD-DFT),81ï83 as 

implemented in Gaussian 09,84 at the B3LYP/LANL08(Zn),6-31G*(C,H,N) level of theory. 

Natural transition orbitals (NTOs) were employed to characterize all excitations (Figures C2ï

C11 in Appendix C).85 

3.2.2 Molecular Dynamics Simulations 

With the optimized ZnFbū as the initial structure, ten independent MD simulations of 

ZnFbū were performed using the tight-binding density functional theory (DFTB) methodology 

employing the DFTB+ software package.50,86ï92 The MD simulations consisted of a 20 ps 

equilibration period (NVT ensemble) at 298 K, followed by a production simulation of 10 ps 

in the NVE ensemble. Nuclear configurations used in quantum dynamics were those obtained 

in the NVE ensemble. A five-chain NoséïHoover93ï97 thermostat with a coupling frequency of 

3600 cm-1 was employed during the 20 ps equilibration period. All simulations were run with 

a 0.1 fs time step. Due to computational limitations, no solvent model was used during the MD 

simulations. 

3.2.3. Extended Hückel Parametrization 

The EH Hamiltonian was reparametrized with respect to the optimized ZnFbū Kohnï

Sham Molecular Orbital (KS MO) shapes, energetic ordering, and energy gaps. 

Reparametrization involved first tuning atomic orbital (AO) ionization potentials (IP). The 

WolfsbergïHelmholtz98ï101 parameter, ə, was set to 2.05 (ədefault = 1.75) (see Table C1 in 

Appendix C) to assist in reproducing the KS HOMOïLUMO gap as well as various MO energy 

gaps from the HOMOï3 to LUMO+3. All other IPs were left default as prescribed by 

Alvarez.102 The manually tuned EH parameters were than optimized further using the genetic 

algorithm employed in DynEMol.57 The optimized EH parameters were utilized during all QD 

simulations. 
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3.2.4. Excited-State Energy Transfer Simulations 

The quantum dynamics methodology developed by Rego and Batista57ï59,65,103,104 was 

utilized to model EET in ZnFbū. In this model, initial electron and hole wavepackets,  

and , are constructed as linear combinations of the EH MOs of the donor zinc 

trimesitylporphyrin subunit. The EH molecular orbitals of Zn selected to construct the 

wavepackets correspond to KS MOs describing Q-band excitations as calculated by the TD-

DFT.82ï84,105ï108 The selected excitations correspond with the excitation (550 nm) employed in 

experimental investigation of the EET rate in ZnFbū.33,109,110 

The donor KS MOs and weights used in the construction of  and  

were calculated from the transition density eigenvectors of the Casida equations81,111 for 

selected excitations of the Zn subunit. The EH MOs that best represent the KS MOs were 

determined before construction of the initial linear combinations of EH MOs. The 

mathematical details for wavepacket construction are given in Appendix B. 

Ten quantum dynamics simulations of EET were done through time propagation of 

electron and hole wavepackets,  and , by solving the time-dependent 

Schrödinger equation with the EH98,112ï122 Hamiltonian.59 The wavepackets were propagated 

for 10 ps, with a 0.1 fs time step, on precomputed trajectories obtained from MD simulations. 

Electrostatic Coulomb coupling between  and  was calculated at each step of 

the QD simulation. At each step in the time-slice propagation procedure,  and  

were projected onto the atomic basis of Zn, p-phenylene, and Fb to obtain survival probabilities 

P(t), i.e., partial occupations of  and  on the Zn, p-phenylene, or Fb subunits.59 

Because the wavepacket at t = 0 is constructed to be fully localized on the Znïporphyrin donor, 

P(t=0) is always one for the Zn subunit and zero for the acceptor (Fb) or bridge (p-phenylene). 

To describe EET in ZnFbū, P(t) for the electron and hole wavepackets on the Zn subunit must 

decrease to zero, while simultaneously increasing to unity for the Fb subunit. 

F El (0)

F Hl (0)

F El (0) F Hl (0)

F El (t) F Hl (t)

F El (t) F Hl (t)

F El (t) F Hl (t)

F El (t) F Hl (t)
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3.3. Results and Discussion 

3.3.1. Ground-state structure 

The optimized structure of ZnFbū is such that the Zn and Fb porphyrin subunits are 

coplanar while the p-phenylene bridge plane lies at an angle of about 60° from the planes of 

each tetrapyrrole. The incorporation of phenylene linkers in multiporphyrin arrays is thought 

to preserve the electronic characteristics of the porphyrin subunits.33 This is supported by the 

shapes and energies of the frontier MOs of the optimized ZnFbū system (Figure 3.2). 

The eight frontier KS MOs of ZnFbū spanning from the HOMOï3 to LUMO+3 are 

localized on either the Zn or Fb subunits. These localized MOs resemble the Zn and Fb subunit 

frontier MOs as shown in Figure 3.2. Furthermore, there is little splitting of the frontier KS 

MO energy levels in going from a situation in which the chromophores are isolated to the 

situation in which they are covalently linked via the p-phenylene bridge (Figure 3.2). 

 

Figure 3.2. Frontier molecular orbitals of the Zn and Fb porphyrin subunits as well as the 

ZnFbū dyad calculated at the B3LYP level of theory. 
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Previous experimental work showed that the one-electron redox potentials of the 

ZnFbū system remain unchanged in comparison to the one-electron redox potentials of 

isolated Zn and Fb chromophores.33 Taking Koopmanôs theorem as a first approximation to 

ground state redox potentials,123,124 the ground-state electronic structure of ZnFbū obtained 

here is consistent with the experimental observations. This is reflected in the small changes to 

the HOMO and LUMO energies going from the isolated Zn and Fb subunits to ZnFbū. 

 Because EET simulations are done at the extended Hückel level of theory, the EH 

Hamiltonian was reparametrized to reproduce the ZnFbū frontier KS MO shapes and energies. 

A comparison of the DFT and reparametrized EH MOs is shown in Figure 3.3. 

 

 Figure 3.3. Comparison of the MOs of ZnFbū obtained at the B3LYP level (left) and those 

calculated using optimal parameters at the EH level of theory (right). 

The optimized EH parameters used in all EET simulations are shown in the Table C1 of 

Appendix C. Note that the EH MOs are in very close agreement with the DFT KS MOs.  As 

both the EH MO energies and shapes are used during the wavepacket propagation procedure 



 

 57 

in DynEMol,57ï59,65,103,104 it is critical that the EH Hamiltonian reproduces these properties with 

respect to results obtained at higher level of theory, DFT in this case. 

3.3.2. Absorption properties and initial state construction 

 Previous experimental investigation of ZnFbū revealed that its UVïvis absorption 

spectrum can be approximately described as the superposition of the Zn and Fb subunitôs 

absorption spectra, suggesting that the excitation at 550 nm is a Q-band excitation localized on 

Zn subunit.33 The excitation at 550 nm was also utilized as the initial excitation for 

experimental EET studies.33 The calculated electronic absorption spectra of ZnFbū and the 

constituent monomers shown in Figure 3.4 reproduce these experimental findings. 

 

Figure 3.4. B3LYP calculated electronic absorption spectrum of the Zn and Fb subunits as 

well as the ZnFbū dyad. The subunits exhibit the Q and Soret band and the ZnFbū spectrum 

resembles the superposition of the subunit spectra. 
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 The calculated absorption spectrum of ZnFbū displays two near-degenerate Zn-

localized excitations at 542.25 nm and 540.35 nm, which were confirmed to be nearly 

indistinguishable from the Q-band excitations of the isolated Zn subunit at 531.60 nm and 

531.49 nm by the NTO analysis (see Figure 3.5). The initial electron and hole wavepackets for 

the EET simulations were therefore constructed based on the results of TD-DFT calculations 

on the Zn subunit of the ZnFbū dyad (Appendix B).  

 

Figure 3.5. Comparison of NTOs for the second and third lowest energy calculated excitations 

of ZnFbū and the near-degenerate Q-band excitations of the isolated Zn subunit. 

 Because EET in ZnFbū occurs in the pico-second regime,33 electronic coupling to 

nuclear degrees of freedom is likely to play an important role in the EET process. Ten MD 

simulations of ZnFbū equilibrated at 298 K were carried out to obtain nuclear trajectories over 

which the electron and hole wavepackets propagate in time. The electronic absorption spectra 

for each of the initial structures of Zn subunit, taken from the 10 MD simulations (MDSIM1-

10), are shown in Figure 3.6. 

All absorption spectra of Zn subunits shown in Figure 3.6 exhibit a Soret- and a Q-

band with excited-state energies that are within 0.18 eV of the excitation energies of the 

optimized Zn subunit. The Q-band excitations found near 550 nm for each Zn subunit involve 
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two contributions from one-electron transitions between the HOMO, HOMO-1 and the 

LUMO, LUMO+1 of each Zn structure.  

 

Figure 3.6. B3LYP calculated UVïvis spectra of Zn subunit structure after 20 ps of 

equilibration at 298 K of ZnFbū via MD. All spectra exhibit Soret- and Q-band excitations. 

 The contributions from the one-electron transitions to the Q-band excitations are used 

directly in the wavepacket construction procedure summarized in Appendix B. Ultimately, 

weighting coefficients are calculated for EH MOs, which are used in forming the electron and 

hole wavepackets as a linear combination of EH MOs. Care is taken during the wavepacket 

construction procedure to identify the EH MOs that match the KS MOs contributing to the 

excitation, which were calculated for the thermalized Zn subunit structures. Figure 3.7 

illustrates the result of the wavepacket construction procedure by showing the Zn EH MOs 

contributing to the electron and hole wavepacket along with their weighting coefficients. The 

electron and hole wavepacket densities resulting from the linear combination of EH MOs are 

also shown in Figure 3.7. 
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Figure 3.7. Initial EH electron and hole wavepacket densities for a representative QD 

simulation. Wavepackets were constructed as a linear combination of the EH MOs that best 

resemble the geometry optimized KS MOs involved with a given excitation as prescribed by 

TD-DFT. The coefficients are calculated using the procedure outlined in Appendix B. 

3.3.3. Excited-State Energy Transfer Simulations 

Wavepacket dynamics was employed to perform EET simulations in ZnFbF dyad, with 

the initial hole and electron excitations set up on the basis of TD-DFT calculations of the Zn 

subunit. The survival probabilities, P(t), for the electron and hole wavepackets on the Zn, p-

phenylene, and Fb subunits of the ZnFbū dyad are shown in Figure 3.8 for a series of QD 

simulations utilizing computational models of increasing complexity. Case A corresponds to 

the simplest surmise, in which QD simulations were performed upon the static optimized 

ZnFbū structure, with Coulomb coupling between the electron and hole wavepackets 

neglected. Both electron and hole wavepackets remain mainly localized on the Zn subunit 

throughout the simulation. Neither the addition of nuclear motion (model B) nor the addition 

of Coulomb coupling (model C) into the model alone results in the EET in ZnFbū dyad on 1 

ps time scale. The complete EET transfer is only observed when both nuclear motion and 

Coulomb coupling are included in the model (model D).  

 Reparametrization of EH Hamiltonian is equally important for the success of the EET 

simulations. Utilization of the default Alvarez parameters in the QD simulations leads to 

incorrect description of the electron and hole wavepacket dynamics set, even if nuclear motion 
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and Coulomb coupling are included in the model (model E). It is clear that to describe EET in 

ZnFbū system, one must include the following in the model: (1) nuclear motion, (2) electronï

hole Coulomb coupling, and (3) EH Hamiltonian parametrized with respect to the DFT results.  

 

Figure 3.8. Survival probabilities for the Zn (top row), p-phenylene (middle row) and Fb 

(bottom row) subunits during QDSIM1 resulting from the QD simulations with different 

combinations of nuclear motion, Coulombic coupling, and optimal EH parameters included in 

the model. 

Figure 3.9 displays survival probabilities of electron and hole wavepackets on the Zn 

subunit from ten independent QD simulations of EET in ZnFbF. All simulations utilize 

parametrized extended Hückel Hamiltonian and include nuclear motion as well as Coulomb 

coupling between electron and hole wavepackets. The survival probability for both electron 

and hole wavepackets on Zn subunit becomes negligible within 1.5 ps upon initial excitation 

of Zn subunit, suggesting a complete excited-state energy transfer. Complete EET can be 

confirmed by inspecting survival probabilities on Fb and p-phenylene subunits, shown in 

Figures C15 and C16 in Appendix C.  

 To further evaluate the importance of nuclear motion for simulating EET in molecular 

systems, ten additional QD simulations were performed on ten different static structures. The 
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static structures were chosen to be the same as the initial structures of the ten MD production 

runs. The QD simulations utilized optimized EH parameters and included electronïhole 

Coulomb coupling in the model. Interestingly, two of the ten QD simulations displayed 

complete EET transfer in the time frame of 1.5 ps, whereas the wavepacket remained localized 

on the Zn subunit in the rest of the simulations (see Figure C17 in Appendix C). This suggests 

that certain conformations of ZnFbF dyad will facilitate the EET even at the frozen geometry. 

The structures resulting in EET are only accessible through the exploration of phase space and 

it may prove difficult to consistently predict which static structures will result in EET a priori. 

A reliable simulation of the EET in this system thus requires the inclusion of nuclear motion 

into the model. 

 

Figure 3.9.  Survival probability for the electron and hole on the Zn subunit of ZnFbū for 

QDSIM1ï10. All simulations show EET by means of the survival probabilities decaying to 

zero. 

Examination of the electron and hole wavepacket densities for each EET simulation, 

as shown in Figure 3.10 for one of the QD simulations, reveals how electronic excitation 
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energy is transferred from the Zn to the Fb. It is evident from Figure 3.10 that by 1.0 fs, 

wavepacket density has begun to delocalize onto the p-phenylene bridge and by 10 fs, 

wavepacket density has delocalized across the entire dyad. By 1.0 ps, EET has been achieved 

and the wavepacket density is completely localized on the Fb subunit. 

 

Figure 3.10. Snapshots of the electron and hole wavepacket density of QDSIM1 at various 

times. Note that by 1.0 ps the wavepacket densities are fully localized on the Fb subunit.  

Because the transient absorption experiments used to monitor EET rates in ZnFbū 

measure the average response of a collection of ZnFbū molecules to light at 550 nm, the 

survival probabilities from all 10 QD simulations were averaged (see Figure 3.11), with the 

goal of obtaining an average EET rate to be compared to that determined from experiment 

((3.5 ps)-1).33  

 Survival probabilities for the electron and hole wavepackets on the Znï and Fbï 

porphyrin were fit to biexponential decay functions to obtain rate constants and characteristic 
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times for EET in ZnFbū (see Figure 3.11). No fitting scheme was applied to the survival 

probability of the p-phenylene bridge as it stays close to zero throughout the simulation. The 

calculated average characteristic time for the EET from the Zn onto the Fb subunit is 0.41 ps. 

This characteristic time is one order of magnitude faster than the experimentally determined 

characteristic time of 3.5 ps, suggesting that while our model correctly describes the qualitative 

behavior of this system, it does not possess quantitative accuracy. We attribute this lack of 

quantitative accuracy to the neglect of the solvent effects in our model. Solvation dynamics 

have been previously shown to play an important role in obtaining the correct description of 

excited-state dynamics in molecular systems.59 

 

Figure 3.11. Average survival probabilities of the electron and hole wavepackets averaged 

over QDSIM1ï10. The average survival probabilities were fitted to biexponentials with 

characteristic times Ű. No fit was applied to the p-phenylene electron and hole P(t). 
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3.4. Conclusions 

 We have presented a successful simulation of nonadiabatic excited-state energy 

transfer in a prototypical meso-meso phenylene linked zincïfree-base porphyrin dyad, ZnFbū, 

utilizing a mixed time-dependent quantum mechanics/molecular mechanics computational 

method.57,59,103A procedure was also developed for constructing the initial wavepackets as a 

linear combination of extended Hückel MOs whose weighting coefficients were determined 

through excitation analysis of the donor Zn subunit via TD-DFT. This was necessary because 

porphyrin excitations cannot be approximated as single one-electron MO-to-MO transitions.  

The inclusion of nuclear motion, Coulomb coupling between electron and hole 

wavepackets, and a reparametrized extended Hückel Hamiltonian was critical for achieving Zn 

to Fb excitation energy migration in the quantum dynamics simulations. Our simulations 

yielded EET with a time constant of 0.41 ps, which is about an order of magnitude smaller 

than the EET characteristic time of 3.5 ps determined from transient absorption 

measurements.33 We attribute this discrepancy to the neglect of solvation dynamics in our 

computational model. Overall, we have shown that a mixed time-dependent quantum 

mechanics/molecular dynamics computational approach can be used to simulate EET in rigid 

molecular systems with a semiquantitative accuracy. 
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CHAPTER 4 

The Porphin Dimer Interaction Energy: A Comparison of DFT, 

MP2 and SCS-MP2 

Abstract  

Natural and artificial light-harvesting architectures often incorporate tetrapyrrole-based 

pigments into large ˊ-ˊ stacked topologies. These arrangements result in desirable light-

harvesting features such as broad visible absorption and ultra-fast excited state energy transfer 

towards, in the case of natural systems, an energy sink where charge separation occurs. The 

tetrapyrroles in these systems can be subject to noncovalent interactions, such as dispersion, 

that can be challenging to model by approximate density functional theory. In this study 

twenty-nine exchange correlation density functionals are tested for their ability to predict the 

interaction energy of a porphin dimer in a face-to-face orientation. Density functional results 

are benchmarked against interaction energies computed at the spin-component scaled MP2 

(SCS-MP2) level of theory. The calculated interaction energies as a function of porphin 

separation are highly variable across functionals. All standard functionals predict repulsion, 

except the SVWN, M06 series, ɤB97 and ɤB97X functionals, which show binding behavior. 

All dispersion corrected functionals bind the porphins. Functionals incorporating Grimme's D3 

and D3(BJ) dispersion corrections along with APFD are capable of describing the porphin 

interactions in qualitative agreement with the binding behavior at the SCS-MP2 level of theory. 

In particular, the BP86-D3(BJ), a GGA+D functional, performs remarkably well against SCS-

MP2 porphin sandwich interaction energies.  
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4.1. Introduction 

 Light-harvesting1 is the broad term referring to the mechanism by which solar energy 

is captured by natural2 and artificial3-7 light-harvesting systems, which utilize a diverse set of 

pigments8-16 to carry out the pertinent light-harvesting processes. Some of the most ubiquitous 

pigments found in natural systems, such as chlorins and bacteriochlorins, are tetrapyrrole-

based (see Figure 4.1).17-20 Therefore, porphyrins are often utilized as visible-light-absorbing 

and energy transducing pigments21-27 in synthetically constructed topologies for artificial light-

harvesting.25,28-31 Porphyrins are not only useful as light absorbing pigments in covalently 

linked molecular arrays,21,32 but also as dyes for potential use in dye-sensitized solar cells 

(DSSCs),23 and even as multi-purpose chromophores in metal organic frameworks (MOFs).24 

Natural systems such as LH1 and RC-LH2 of purple bacteria,33 and synthetic porphyrin based 

structures29-31,34 often place tens to hundreds of nonbonded tetrapyrroles at orientations and 

distances where ˊ-ˊ stacking interactions may be relevant. The ability to provide an accurate 

theoretical description of the noncovalent interactions in weakly bound porphyrin arrays is 

therefore important for modeling both artificial and natural light harvesting arrays. 

 

Figure 4.1. The structure of the porphin, or freebase-porphyrin, is shown here. This pigment 

is the porphyrin by which the vast diversity of natural and artificial porphyrin-pigments 

derive.35 

 The modeling of the weak and dispersive interactions that lead to stable ˊ-ˊ stacking 

geometries in planar ring systems has been the subject of extensive investigation.36-39 Hunter 

and Sanders developed a model that explains ˊ-ˊ stacking interaction mainly through local 

electrostatic interactions between the ů- and ˊ-framework of the aromatic system.40-47 Sherill 
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and coworkers demonstrated that electrostatic effects dominate noncovalent interactions in the 

benzene dimer, control its adopted geometry (parallel-displaced, T-shaped or sandwich), but 

also that ˊ-ˊ stacking interaction is enhanced regardless of the electron withdrawing or 

donating nature of a ring substituent.48-52 Wheeler expanded on local substituent effects in ˊ-ˊ 

stacks on the basis of local interacting dipoles and multipoles.53-55 Noncovalent interaction 

itself has been subject of substantial theoretical benchmarking investigations56,57 focused on 

the accuracy of density functional58 and wavefunction59-68 method performance in general56,69-

71 and when applied to systems in benchmark databases exhibiting noncovalent 

interactions51,72-75 that include the benzene dimer among other molecules and molecular 

clusters.51,75,76 

 For systems much larger than typical benchmark molecules, for example porphyrin 

dimers, high-level reference data is not currently available,57 and may be laborious to compute 

considering the O(N6) and higher scaling of post Hartree-Fock (HF) methods.36 Hobza and 

coworkers reported that some of the largest systems where CCSD(T) was rigorously applied 

were dimers, trimers and tetramers of ˊ-ˊ stacked complexes like the coranene dimer77 and 

DNA base pair trimers and tetramers.36,78,79 Although methods that use density-fitting or 

resolution-of-the-identity techniques80-85 and domain based local pair natural orbitals86-88 are 

allowing for the investigation of larger systems with correlated wavefunction (WFT) based 

methods, Kohn-Sham89-92 density functional theory58 (KS-DFT) remains an attractive 

alternative to correlated WFT based methods for the quantum chemical investigations of large 

systems.33,93 The scaling of KS-DFT is usually more feasible than post-HF methods, O(N3) or 

better.94,95 Despite its success in chemistry, biology, and physics,92,96,97 quite a few challenges 

remain to be addressed by approximate DFT98 including a proper description of noncovalent 

interactions, van der Waals or London dispersion forces in particular.99-102 

 Progress has been made in improving36,102,103 density functional approximations 

(DFAs) that fail to describe London dispersion forces due to the nearsightedness of electron 

correlation.101,104 Attractive additive atomic-pairwise potentials36,105-119 such as those proposed 

by Grimme120 and Jurecka121 (DFT-D methods) have been largely successful in correcting a 

given DFAôs performance in dispersion dominated situations like in the nonbonded ˊ-ˊ stacked 
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porphyrin systems prevalent in natural light-harvesting systems and in artificial porphyrin 

topologies.36,60,61,63,64,122 The DFT-D methods, containing optimized scaling parameters for a 

given DFA,123,124 a scaled damping function,121,122,125,126 and in the case of the D3 and D3(BJ) 

scheme, C6 coefficients derived from first principles, have also been shown to provide 

improved interaction energies over the base exchange correlation functional and in agreement 

with correlated WFT methods.59,127 In their study of the application of DFT-D to the interaction 

energy of various nonbonded porphin dimer, Mück-Lichtenfeld and Grimme suggested the 

porphin dimer as ñthe successor of the benzene dimerò for benchmarking studies focusing on 

calculations of binding energies due to the noncovalent interactions. Their reasoning was that 

the larger ˊ-ˊ stacked porphin system results in higher sensitivity to noncovalent interactions 

relative to the benzene dimer.128,129 Following on their work, we further investigate the 

capabilities of DFT in computing the nonbonded porphin dimerôs interaction energy.  

 In this study, 29 density functionals were evaluated for the computation of the total 

interaction energy between two porphin pigments in a face-to-face stacking arrangement at a 

variety of inter-porphyrin separations. When available, dispersion corrections were added to 

the functional at either the D3 or D3(BJ) level. Several Pople and Dunning basis sets were 

employed with and without diffuse basis functions. The Boys and Bernardi counterpoise 

correction scheme was used to estimate the basis set superposition error (BSSE). Lastly, 

benchmark data computed at the MP2 and SCS-MP2 levels of theory allow for a reliable 

ranking of the DFAs in describing the weak and dispersive interactions between porphin 

pigments. The conclusions drawn from this study can be used to guide chemists in their choice 

of the most appropriate density functional for calculations of weakly-bound tetrapyrrole-based 

pigment arrays, where more expensive methodologies may be computationally inaccessible 

due to the large size of the systems.33,94 Results obtained in this work corroborate many of the 

conclusions obtained from benchmarking studies on smaller systems, the sandwich benzene-

dimer in particular, and also supply new and useful data with respect to noncovalent 

interactions in planar ˊ-ˊ stacked systems. 
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4.2. Computational Methodology 

4.2.1. Structure optimization and porphin dimer construction 

 The porphin molecule (see Figure 4.1) was optimized in its singlet ground state under 

the D2h symmetry constraint,47 utilizing the B3LYP130,131 functional and 6-31G(d)132-141 basis 

set. This level of theory was previously shown to be sufficient to obtain reliable geometries for 

similar complexes.142 The calculated structure agrees well with the published crystal structure 

data,143,144 displaying the root-mean square deviation (RMSD) from the crystal structure of 

0.01 Å (not including hydrogens) for bond-lengths and 1.24° for bond-angles. Gaussian 09, 

revision D.01 was employed for the structure optimization.145 

 A series of porphyrin dimers in a face-to-face orientation (see Figure 4.2) were 

constructed by placing the optimized porphin molecule in a xy plane, and translating its image 

along the z-axis by 3.0 ï 8.0 Å. An increment of 0.1 Å was chosen in the intermediate 

separation range of 3.0 Å - 6.0 Å in order to better capture the behavior near the minimum of 

the potential energy surface.146 Two additional points at 7.0 Å and 8.0 Å were calculated to 

capture the behavior at longer distances.  

 

Figure 4.2. Shown is a porphin dimer (porphin sandwich) consisting of monomers with a face-

to-face separation (R) 3.6 Å. The porphin monomer from which this sandwich was constructed 

was D2h-optimized at the B3LYP/6-31G(d) level. 
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4.2.2. Interaction energy calculation 

 The total interaction energy of the porphin dimer at different separation distances was 

obtained from a series of single point energy calculations. The electronic interaction energy, 

DE, between the two identical pigments at a distance R was defined as 

DE(R) = EAA(R) - 2EA                                            (1) 

 where EAA(R) is the electronic energy of the dimer with the identical monomers 

separated by an inter-pigment distance R. The Boys and Benardi counterpoise correction 

scheme147,148 was also employed to acquire BSSE-adjusted interaction energies.  

 The counterpoise corrected and uncorrected interaction energies for all porphin dimers 

were computed with 29 exchange-correlation functionals as well as at the HF, MP2,59 and SCS-

MP2149 levels of theory (see Table 4.1).  

Table 4.1. Density functionals employed in this study sorted in alphabetical order. 

Method Typeb Xa Ref Method Type Xa Ref 

APFD H-GGA+D 23 150 M06-2X H-mGGA 54 151 

B3LYP H-GGA 20 131,152-154 M06-2X-D3 H-mGGA+D 54 151 
B3LYP-D3 H-GGA+D 20 131,152-154 M06-L mGGA 0 155 

B3LYP-D3(BJ) H-GGA+D 20 131,152-154 M06 H-mGGA 27 151 

B3P86 H-GGA 20 156 PBE0 H-GGA 25 157 
B97-1 (HCTH)  GGA 21 158 PBE GGA 0 159,160 

B97-D3(BJ)  GGA+D 0 125,161 PBE-D3(BJ) GGA+D 0 159,160 

B98 H-GGA 22 162 RI-MP2 WFT 100 59 
BLYP GGA 0 153,154,163 RI-SCS-MP2 WFT 100 59,149 

BLYP-D3(BJ) GG+D 0 153,154,163 SVWN LSDA 0 58,164,165 

BP86 GGA 0 156,163 TPSSh H-mGGA 10 166 
BP86-D3(BJ) GGA+D 0 156,163 TPSS mGGA 0 166 

CAM-B3LYP RSH-GGA 19-65 167 TPSS-D3(BJ) mGGA+D 0 166 
CAM-B3LYP-D3(BJ) RSH -GGA+D 19-65 167 ɤB97 RSH-GGA 0-100 168 

HF WFT 100 169 ɤB97X RSH-GGA 16-100 168 

HSE06h RSH-GGA 25-0 170-175 ɤB97X-D RSH -GGA+D 22-100 176 
aDenotes the percentage of exact-exchange used in the functional. 

bH - hybrid functionals, D - dispersion corrected, GGA - generalized gradient approximation, 

RSH - range separated hybrid, WFT - wavefunction theory, H-m - meta-hybrid, LSDA - local 

spin density approximation, mGGA ï meta-GGA. 

 The set of functionals chosen for benchmarking reflects all rungs on Jacobôs ladder,177 

except the random phase approximation (RPA). Gaussian 09, revision D.01145 was employed 
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for DFT calculations, while ORCA v4.0178-183 was utilized for HF, and (SCS)-MP2 

calculations. 

 All single point calculations with various exchange-correlation functionals employed a 

super-fine integration grid, utilizing 110 radial shells and 974 angular points per shell. Since 

the choice of the integration grid has significant impact on the accuracy of the calculated 

interaction energies,184 kinetic energy density dependent functionals in particular,193,195-199 a 

high resolution is necessary to obtain reliable results. More information on the choice of the 

integration grid can be found in Appendix D, Figure D31. 

 A series of double- and triple-zeta Pople and Dunning basis sets with and without 

diffuse and polarization functions have been used in these calculations, as summarized in Table 

4.2. All basis sets were tested for DFT calculations, while only cc-pVTZ and 6-311++G(d,p) 

basis sets were utilized for MP2 and SCS-MP2 calculations due to the computational expense.  

Table 4.2. Basis sets employed in the benchmarking. "x" denotes whether the  basis set was 

used at a particular level of theory. 

Basis set DFT  HF MP2 SCS-MP2 Refs 

6-31G(d) x x   132-141,185 

6-31+G(d) x x   132-141,185 

6-311G(d) x x   185-187 

6-311+G(d) x x   185-187 

6-311++G(d,p) x x x x 185-187 

cc-pVDZ x x   188-193 

cc-pVTZ x x x x 188-193 

 

Shown in Figure 4.3 are the potential energy curves at the B3LYP-D3(BJ) level obtained with 

all basis sets summarized in Table 4.2. Both cc-pVDZ and 6-31G(d) exhibit deeper minima 

relative to the other basis sets. Diffuse functions tend to result in more shallow decay of the 

interaction energy between 4.5 and 6 Å. The results for other functionals are similar to the 

findings for B3LYP-D3(BJ) in Figure 4.3. The remainder of this chapter will focus on cc-

pVTZ results obtained with all methodologies listed in Table 4.2. Results with all other basis 

sets and their performance relative to (SCS)-MP2/cc-pVTZ are shown in Appendix D, Figures 

D1-D14.  
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Figure 4.3. Inter-porphin interaction energies as a function of inter-porphin distance calculated 

at the B3LYP-D3(BJ) with all basis sets tested here. 

4.3. Results and Discussion 

4.3.1. Potential energy curves  

 The BSSE-corrected potential energy curves (PECs) computed with all functionals 

using cc-pVTZ basis set are shown in Figure 4.4 alongside the (SCS)-MP2/cc-pVTZ results 

(see Appendix D, Figures D1-D14 for curves obtained with other basis sets). The functionals 

utilized fall into two distinct groups: (1) those unable to describe the attraction between the 

two porphins, reproducing the PEC obtained at HF level of theory, and (2) those capable of 

capturing at least some of the interaction in the dimer. Inability of several standard functionals 

(such as B3LYP) to describe dispersion is well documented in the literature.122 Interestingly, 

several functionals (WB97, WB97X, M06, M06-L, and M06-2X) are able to capture at least 

some of the interaction energy (~ 5-10 kcal/mol) at 3-4 Å, but display incorrect long-range 

behavior, predicting a slightly repulsive interaction. 
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Figure 4.4.  Counterpoise corrected interaction energies as a function of inter-porphin distance.  

 Table 4.3 summarizes the calculated interaction energies at the minima of the PECs 

(Emin) at each level of theory, along with the porphin separation distance at minimum (Rmin). 

The calculated energies and distances are compared against the SCS-MP2 data, as SCS-MP2 

was found to yield accurate interaction energies relative to CCSD(T) reference values at the 

complete basis set limit.194 MP2 is, on the other hand, known to severely overestimate ˊ-ˊ 

stacking interaction energies, as previously demonstrated for the benzene dimer,36,149,195-199 and 

this over-stabilization is likely occurring for porphin dimer as well (also see Figure 4.4). It is 

also worth noting that the SCS-MP2/cc-pVTZ binding energies reported here are within 1 

kcal/mol of previously reported binding energies obtained for a porphin dimer optimized at the 

B97-D/TZVPP level of theory.129 

 Most non-dispersion corrected functionals fail to produce a stabilizing minimum as 

indicated by the dashes in Table 4.3. On the other hand, M06-2X, M06, and M06-L, ɤB97, 

and ɤB97-X predict attractive behavior, likely as a result of the procedure by which these 

functionals were extensively developed against benchmark sets, a number of which contain 
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systems with noncovalent interactions.151,155,168,200 Most dispersion corrected methods with D3 

or D3(BJ) corrections result in binding curves with minima approaching the SCS-MP2 

benchmark (Emin < -10 kcal/mol). The outlier is the Emin at -9.5 kcal/mol obtained at the M06-

2X-D3 level. Even in this case, application of the D3 dispersion correction results in the 

improvement of the non-dispersion corrected M06-2X functional. The D3(BJ) correction 

scheme results in the largest binding energy, with the deepest minimum occurring at the BP86-

D3(BJ) level of theory. The best performing functional is BP86-D3(BJ), which displays the 

closest agreement with the SCS-MP2 data with the deviations in the minimum interaction 

energy and distance of only 0.33 kcal/mol and 0.05 Å, respectively. The APFD functional is 

close behind, with the deviations of 0.7 kcal/mol and 0.01 Å in the minimum interaction energy 

and distance, respectively. In general, the BP86-D3(BJ) and APFD outperform all other 

functionals.  

 The BLYP-D3(BJ) and B97-D3 display 3-5 kcal/mol errors against the SCS-MP2 

reference, and are the next best performers after APFD and BP86-D3(BJ) functionals. The 

remaining DFT-D methods result in deviations between 5-7 kcal/mol from SCS-MP2. 

Counterpoise corrected M06-2X-D3 outperforms M06-2X by ~3.0 kcal/mol for all basis sets 

except 6-31G(d). M06-2X, M06-L and M06 deviate from the reference interaction energies by 

~9-12 kcal/mol. Based on the results in Table 4.3, the following recommendations for the 

choice of functional is made in the order of decreasing agreement with the reference SCS-

MP2/cc-pVTZ results: BP86-D3(BJ) ~> APFD > B97-D3 ~ BLYP-D3(BJ) > B3LYP-D3(BJ) 

~ B3LYP-D3 ~ CAM-B3LYP(D3) ~TPSS-D3(BJ) ~ ɤB97X-D. 

 Finally, it is worth noting that all density functionals that predict attractive interaction 

between the porphyrin monomers, also predict the inter-porphyrin separation within 0.3 Å of 

the porphyrin separation distance obtained at the SCS-MP2 level.  
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Table 4.3. BSSE-corrected interaction energies at minima of the PECs (Emin) and the inter-

porphyrin distance at the minimum (Rmin) for all methodologies tested. Interaction energies 

(DEmin) and minima (DRmin ) relative to the SCS-MP2 results are also reported.  

DFA 
Emin  

[kcal/mol] 
Rmin 

[Å]  
DEmin 

[kcal/mol]
 
DRmin 

[Å]
 

SCS-MP2 -17.1 3.65 0.0 0.0 

HF - - - - 

MP2 -27.7 3.50 10.6 0.15 

APFD -16.4 3.64 -0.7 0.01 

B3LYP - - - - 

B3LYP-D3 -11.2 3.74 -3.9 -0.09 

B3LYP-D3(BJ) -13.1 3.70 -4.0 -0.05 

B3P86 - - - - 

B97-1 (HCTH) - - - - 

B97-D3(BJ) -15.0 3.70 -2.1 -0.05 

B98 - - - - 

BLYP - - - - 

BLYP-D3(BJ) -14.7 3.65 -2.4 0.00 

BP86 - - - - 

BP86-D3(BJ) -17.4 3.60 0.33 0.05 

CAM-B3LYP - - - - 

CAM-B3LYP-D3(BJ) -11.9 3.79 -5.2 -0.14 

HSE06h - - - - 

M06-2X -5.4 3.66 -11.7 -0.01 

M06-2X-D3 -9.5 3.66 -7.6 -0.01 

M06-L -7.6 3.77 -9.5 -0.12 

M06 -4.9 3.73 -12.2 -0.08 

PBE0 - - - - 

PBE - - - - 

PBE-D3(BJ) -11.0 3.80 -6.1 -0.15 

SVWN -5.5 3.67 -11.6 -0.02 

TPSSh - - - - 

TPSS - - - - 

TPSS-D3(BJ) -12.9 3.80 -4.2 -0.15 

ɤB97 -5.3 3.73 -11.8 -0.08 

ɤB97X -4.0 3.87 -13.1 -0.22 

ɤB97X-D -13.3 3.69 -3.8 -0.04 

 

4.3.2. Classifications of DFA behavior for inter-porphin interaction energy. 

 An attempt to group all computed PECs by their rung on Jacobôs ladder of density 

functionals (see Figure 4.5) clearly demonstrates that a given density functional's placement 

on the ladder does not necessarily correspond to specific behavior in the computed PEC of the 
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porphin dimer. Standard functionals, with the exception of SVWN, M06 series, ɤB97, and 

ɤB97X, overall fail to properly describe noncovalent interactions in porphin dimer. This result 

is in agreement with previous observations that standard exchange-correlation functionals are 

unable to account for dispersion.101,201,202 The outliers among the standard functionals (left 

column of Figure 4.5) are those that have, at least in part, been parametrized against weak and 

dispersive interactions. This includes all Minnesota-6 series functionals as well as Chai and 

Head-Gordonôs ɤB97 and ɤB97X functionals. The ability of these functionals to at least 

partially capture attractive dispersion effects is not related to their placement on the particular 

rung of the Jacob's ladder, but a result of a thoughtful fitting procedure.151,155,168 The last outlier 

is the SVWN LSDA functional, which surprisingly exhibits binding behavior. 

 

Figure 4.5. PECs for porphin dimer grouped by the functional's rung on Jacobôs ladder of 

DFAs. Left: non-dispersion corrected functionals (or those with implicit corrections), Right: 

wavefunction methods and functionals with Grimme's dispersion corrections.  
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 All functionals utilizing either D3, D3(BJ) or another dispersion correction scheme, 

approach SCS-MP2 results (right column of Figure 4.5). This demonstrates the usefulness of 

the current dispersion corrections schemes in capturing nonlocal attractive dispersion 

qualitatively. Nonetheless, among the eleven dispersion-corrected functionals in Figure 4.5, 

only BP86-D3(BJ) and APFD agree with SCS-MP2 quantitatively (see Table 4.3).  

4.4. Conclusions 

 Accurate descriptions of noncovalent interactions have long been a challenge for 

approximate DFT. Over the past few decades, substantial advancements have been made in the 

exchange-correlation functional development leading to DFAs capable of describing p-p 

stacked systems, such as the benzene or porphin dimer, with accuracy approaching that of the 

high-level benchmark methods. In this work, twenty-nine density functionals were tested 

against MP2 and SCS-MP2 methods for the computation of the interaction energy of the 

porphin dimer in the face-to-face conformation as a function of the porphin separation.  

 Nearly all non-dispersion corrected functionals, except SVWN, M06 series, ɤB97 and 

ɤB97X, are not able to capture noncovalent interactions in the porphin dimer. The PECs 

calculated with all dispersion corrected functionals qualitatively reproduce the SCS-MP2 

potential energy curve. The BP86-D3(BJ) and APFD functionals achieve quantitative accuracy 

with respect to the SCS-MP2 data. The functionals recommended for use in calculations of 

weakly-bound porphyrin arrays, in order of decreasing agreement with the SCS-MP2 results, 

are BP86-D3(BJ) ~> APFD > B97-D3 ~ BLYP-D3(BJ) > B3LYP-D3(BJ) ~ B3LYP-D3 ~ 

CAM-B3LYP(D3) ~TPSS-D3(BJ) ~ ɤB97X-D. While we do not expect the major conclusions 

of this work to change based on the dimer conformation (face-to-face, parallel displaced, T-

shaped), the detailed ordering of the functionals may change as the relative importance of the 

exchange, electrostatic, induction, and dispersion contributions to the noncovalent interaction 

may change depending on the conformation.75 Overall, the results presented here provide a 

broad survey of the performance of a number of standard and dispersion corrected functionals 

applied to calculations of systems exhibiting dispersive interaction through p-p stacking, and 
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can guide the appropriate choice of an exchange-correlation functional for calculations of 

artificial and natural systems containing a large number of tetrapyrrole-based pigments. 
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Substituents on Sandwich and T-Shaped ́ḯ Interactions. Chem. Eur. J. 2006, 12, 

3821. 

(53) Wheeler, S. E. Local Nature of Substituent Effects in Stacking Interactions. J. Am. 

Chem. Soc. 2011, 133, 10262. 

(54) Bloom, J. W.; Wheeler, S. E. Taking the Aromaticity out of Aromatic Interactions. 

Angew. Chem. Int. Ed. Engl. 2011, 50, 7847. 

(55) Wheeler, S. E. Understanding Substituent Effects in Noncovalent Interactions 

Involving Aromatic Rings. Acc. Chem. Res. 2013, 46, 1029. 

(56) Mardirossian, N.; Head-Gordon, M. How Accurate Are the Minnesota Density 

Functionals for Noncovalent Interactions, Isomerization Energies, Thermochemistry, 

and Barrier Heights Involving Molecules Composed of Main-Group Elements? J. 

Chem. Theory Comput. 2016, 12, 4303. 

(57) řez§ļ, J.; Jureļka, P.; Riley, K. E.; ĻernĨ, J.; Valdes, H.; Pluh§ļkov§, K.; Berka, K.; 

řez§ļ, T.; PitoŔ§k, M.; Vondr§ġek, J.; Hobza, P. Quantum Chemical Benchmark 

Energy and Geometry Database for Molecular Clusters and Complex Molecular 

Systems (http://www.begdb.com): A Users Manual and Examples. Czech. Chem. 

Commun. 2008, 73, 1261. 

(58) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864. 

(59) Møller, C.; Plesset, M. S. Note on an Approximation Treatment for Many-Electron 

Systems. Phys. Rev. 1934, 46, 0618. 

(60) Lorenz, M.; Civalleri, B.; Maschio, L.; Sgroi, M.; Pullini, D. Benchmarking Dispersion 

and Geometrical Counterpoise Corrections for Cost-Effective Large-Scale DFT 

Calculations of Water Adsorption on Graphene. J. Comput. Chem. 2014, 35, 1789. 

(61) Burns, L. A.; Vazquez-Mayagoitia, A.; Sumpter, B. G.; Sherrill, C. D. Density-

Functional Approaches to Noncovalent Interactions: A Comparison of Dispersion 

Corrections (DFT-D), Exchange-Hole Dipole Moment (XDM) Theory, and 

Specialized Functionals. J. Chem. Phys. 2011, 134, 084107. 

(62) Ryde, U.; Mata, R. A.; Grimme, S. Does DFT-D Estimate Accurate Energies for the 

Binding of Ligands to Metal Complexes? Dalton Trans. 2011, 40, 11176. 

(63) Mollenhauer, D.; Brieger, C.; Voloshina, E.; Paulus, B. Performance of Dispersion-

Corrected DFT for the Weak Interaction between Aromatic Molecules and Extended 

Carbon-Based Systems. J. Phys. Chem. C 2015, 119, 1898. 



 

 95 

(64) Ramos-Berdullas, N.; Perez-Juste, I.; Van Alsenoy, C.; Mandado, M. Theoretical Study 

of the Adsorption of Aromatic Units on Carbon Allotropes Including Explicit 

(Empirical) DFT Dispersion Corrections and Implicitly Dispersion-Corrected 

Functionals: The Pyridine Case. Phys. Chem. Chem. Phys. 2015, 17, 575. 

(65) Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F., III. An Efficient Reformulation of the 

ClosedȤShell Coupled Cluster Single and Double Excitation (CCSD) Equations. J. 

Chem. Phys. 1988, 89, 7382. 

(66) Purvis, G. D., III. ; Bartlett, R. J. A Full CoupledȤCluster Singles and Doubles Model: 

The Inclusion of Disconnected Triples. J. Chem. Phys. 1982, 76, 1910. 

(67) Scuseria, G. E.; Schaefer, H. F., III. Is Coupled Cluster Singles and Doubles (CCSD) 

More Computationally Intensive Than Quadratic Configuration-Interaction (QCISD). 

J. Chem. Phys. 1989, 90, 3700. 

(68) Ļ²ģek, J. On the Use of the Cluster Expansion and the Technique of Diagrams in 

Calculations of Correlation Effects in Atoms and Molecules. In Advances in Chemical 

Physics: Correlation Effects in Atoms and Molecules; John Wiley & Sons, Inc.: 

Hoboken, NJ; 2007; Vol. 14, ch2. 

(69) Hohenstein, E. G.; Chill, S. T.; Sherrill, C. D. Assessment of the Performance of the 

M05-2X and M06-2X Exchange-Correlation Functionals for Noncovalent Interactions 

in Biomolecules J. Chem. Theory Comput. 2008, 4, 1996. 

(70) Santra, B.; Michaelides, A.; Scheffler, M. On the Accuracy of Density-Functional 

Theory Exchange-Correlation Functionals for H Bonds in Small Water Clusters: 

Benchmarks Approaching the Complete Basis Set Limit. J. Chem. Phys. 2007, 127, 

184104. 

(71) Santra, B.; Michaelides, A.; Fuchs, M.; Tkatchenko, A.; Filippi, C.; Scheffler, M. On 

the Accuracy of Density-Functional Theory Exchange-Correlation Functionals for H 

Bonds in Small Water Clusters. II. The Water Hexamer and Van Der Waals 

Interactions. J. Chem. Phys. 2008, 129, 194111. 

(72) Grafova, L.; Pitonak, M.; Rezac, J.; Hobza, P. Comparative Study of Selected Wave 

Function and Density Functional Methods for Noncovalent Interaction Energy 

Calculations Using the Extended S22 Data Set. J. Chem. Theory Comput. 2010, 6, 

2365. 

(73) Jurecka, P.; Sponer, J.; Cerny, J.; Hobza, P. Benchmark Database of Accurate (MP2 

and CCSD(T) Complete Basis Set limit) Interaction Energies of Small Model 

Complexes, DNA Base Pairs, and Amino Acid Pairs. Phys. Chem. Chem. Phys. 2006, 

8, 1985. 



 

 96 

(74) Zhao, Y.; Truhlar, D. G. Benchmark Databases for Nonbonded Interactions and Their 

Use To Test Density Functional Theory. J. Chem. Theory Comput. 2005, 1, 415. 

(75) Sinnokrot, M. O.; Sherrill, C. D. Highly Accurate Coupled Cluster Potential Energy 

Curves for the Benzene Dimer: Sandwich, T-Shaped, and Parallel-Displaced 

Configurations. J. Phys. Chem. A 2004, 108, 10200. 

(76) Sherrill, C. D.; Takatani, T.; Hohenstein, E. G. An Assessment of Theoretical Methods 

for Nonbonded Interactions: Comparison to Complete Basis Set Limit Coupled-Cluster 

Potential Energy Curves for the Benzene Dimer, the Methane Dimer, Benzene-

Methane, and Benzene-H2S. J. Phys. Chem. A. 2009, 113, 10146. 

(77) Janowski, T.; Ford, A. R.; Pulay, P. Accurate Correlated Calculation of the 

Intermolecular Potential Surface in the Coronene Dimer. Mol. Phys. 2009, 108, 249. 

(78) PitoŔ§k, M.; Neogr§dy, P.; Hobza, P. Three- and Four-Body Nonadditivities in Nucleic 

Acid Tetramers: A CCSD(T) Study. Phys. Chem. Chem. Phys. 2010, 12, 1369. 

(79) Janowski, T.; Pulay, P. Efficient Parallel Implementation of the CCSD External 

Exchange Operator and the Perturbative Triples (T) Energy Calculation. J. Chem. 

Theory Comput. 2008, 4, 1585. 

(80) Dunlap, B. I.; Connolly, J. W. D.; Sabin, J. R. On Some Approximations in 

Applications of XŬ Theory. J. Chem. Phys. 1979, 71, 3396. 

(81) Feyereisen, M.; Fitzgerald, G. Use of Approximate Integrals in Ab Initio Theory. An 

Application in MP2 Energy Calculations. Chem. Phys. Lett. 1993, 208, 359. 

(82) Vahtras, O.; Almlöf, J. Integral Approximations for LCAO-SCF Calculations. Chem. 

Phys. Lett. 1993, 213, 514. 

(83) Weigend, F.; Häser, M. RI-MP2: First Derivatives and Global Consistency. Theoret. 

Chem. Acc. 1997, 97, 331. 

(84) Weigend, F.; Häser, M.; Patzelt, H.; Ahlrichs, R. RI-MP2: Optimized Auxiliary Basis 

Sets and Demonstration of Efficiency. Chem. Phys. Lett. 1998, 294, 143. 

(85) Whitten, J. L. Coulombic Potential Energy Integrals and Approximations. J. Chem. 

Phys. 1973, 58, 4496. 

(86) Riplinger, C.; Neese, F. An Efficient and Near Linear Scaling Pair Natural Orbital 

Based Local Coupled Cluster Method. J. Chem. Phys. 2013, 138, 034106. 



 

 97 

(87) Liakos, D. G.; Sparta, M.; Kesharwani, M. K.; Martin, J. M.; Neese, F. Exploring the 

Accuracy Limits of Local Pair Natural Orbital Coupled-Cluster Theory. J. Chem. 

Theory Comput. 2015, 11, 1525. 

(88) Riplinger, C.; Pinski, P.; Becker, U.; Valeev, E. F.; Neese, F. Sparse Maps--A 

Systematic Infrastructure for Reduced-Scaling Electronic Structure Methods. II. Linear 

Scaling Domain Based Pair Natural Orbital Coupled Cluster Theory. J. Chem. Phys. 

2016, 144, 024109. 

(89) Kohn, W.; Becke, A. D.; Parr, R. G. Density Functional Theory of Electronic Structure. 

J. Phys. Chem. 1996, 100, 12974. 

(90) Jones, R. O. Density Functional Theory: Its Origins, Rise to Prominence, and Future. 

Rev. Mod. Phys. 2015, 87, 897. 

(91) Burke, K. Perspective on Density Functional Theory. J. Chem. Phys. 2012, 136, 

150901. 

(92) Becke, A. D. Perspective: Fifty Years of Density-Functional Theory in Chemical 

Physics. J. Chem. Phys. 2014, 140, 18A301. 

(93) Shrestha, K.; González-Delgado, J. M.; Blew, J. H.; Jakubikova, E. Electronic Structure 

of Covalently Linked Zinc Bacteriochlorin Molecular Arrays: Insights into Molecular 

Design for NIR Light Harvesting. J. Phys. Chem. A 2014, 118, 9901. 

(94) Hine, N. D. M.; Haynes, P. D.; Mostofi, A. A.; Skylaris, C.-K.; Payne, M. C. Linear-

Scaling Density-Functional Theory with Tens of Thousands of Atoms: Expanding the 

Scope and Scale of Calculations with ONETEP. Comp. Phys. Comm. 2009, 180, 1041. 

(95) Bowler, D. R.; Miyazaki, T. O(N) Methods in Electronic Structure Calculations. Rep. 

Prog. Phys. 2012, 75, 036503. 

(96) van Mourik, T.; Buhl, M.; Gaigeot, M. P. Density Functional Theory Across 

Chemistry, Physics and Biology. Philos. T. R. Soc. S-A 2014, 372, 20120488. 

(97) Cui, Q. Perspective: Quantum Mechanical Methods in Biochemistry and Biophysics. 

J. Chem. Phys. 2016, 145, 140901. 

(98) Cohen, A. J.; Mori-Sanchez, P.; Yang, W. Challenges for Density Functional Theory. 

Chem. Rev. 2012, 112, 289. 

(99) Corminboeuf, C. Minimizing Density Functional Failures for Non-Covalent 

Interactions Beyond Van Der Waals Complexes. Acc. Chem. Res. 2014, 47, 3217. 



 

 98 

(100) Kryachko, E. S. Density Functional Theory and Molecular Interactions: Dispersion 

Interactions. Struct. Bond. 2013, 150, 65. 

(101) Kristyán, S.; Pulay, P. Can (Semi)Local Density Functional Theory Account for the 

London Dispersion Forces? Chem. Phys. Lett. 1994, 229, 175. 

(102) Klimes, J.; Michaelides, A. Perspective: Advances and Challenges in Treating Van Der 

Waals Dispersion Forces in Density Functional Theory. J. Chem. Phys. 2012, 137, 

120901. 

(103) Lein, M.; Dobson, J. F.; Gross, E. K. U. Toward the Description of Van Der Waals 

Interactions Within Density Functional Theory. J. Comput. Chem. 1999, 20, 12. 

(104) Shibasaki, K.; Fujii, A.; Mikami, N.; Tsuzuki, S. Magnitude of the CH/ ́Interaction in 

the Gas Phase: Experimental and Theoretical Determination of the Accurate Interaction 

Energy in Benzene-Methane. J. Phys. Chem. A. 2006, 110, 4397. 

(105) Gianturco, F. A.; Paesani, F.; Laranjeira, M. F.; vassilenko, V.; Cunha, M. A.; 

Shashkov, A. G.; Zolotoukhina, A. F. Computed and Measured Transport Coefficients 

for CO-He Mixtures: Testing a Density Functional Approach. Mol. Phys. 1998, 94, 

605. 

(106) Zimmerli, U.; Parrinello, M.; Koumoutsakos, P. Dispersion Corrections to Density 

Functionals for Water Aromatic Interactions. J. Chem. Phys. 2004, 120, 2693. 

(107) Zhechkov, L.; Heine, T.; Patchkovskii, S.; Seifert, G.; Duarte, H. A. An Efficient a 

Posteriori Treatment for Dispersion Interaction in Density-Functional-Based Tight 

Binding. J. Chem. Theory Comput. 2005, 1, 841. 

(108) Wu, Q.; Yang, W. T. Empirical Correction to Density Functional Theory for Van Der 

Waals Interactions. J. Chem. Phys. 2002, 116, 515. 

(109) Elstner, M.; Hobza, P.; Frauenheim, T.; Suhai, S.; Kaxiras, E. Hydrogen Bonding and 

Stacking Interactions of Nucleic Acid Base Pairs: A Density-Functional-Theory Based 

Treatment. J. Chem. Phys. 2001, 114, 5149. 

(110) Gianturco, F. A.; Paesani, F.; Laranjeira, M. F.; Vassilenko, V.; Cunha, M. A. 

Intermolecular Forces from Density Functional Theory. III. A Multiproperty Analysis 

for the Ar(1S)-CO(1Ɇ) Interaction. J. Chem. Phys. 1999, 110, 7832. 

(111) Hobza, P.; Sandorfy, C. Nonempirical Calculations on All the 29 Possible DNA Base 

Pairs. J. Am. Chem. Soc. 1987, 109, 1302. 

(112) Hobza, P.; Mulder, F.; Sandorfy, C. Quantum Chemical and Statistical Thermodynamic 

Investigations of Anesthetic Activity. 1. The Interaction Between Chloroform, 



 

 99 

Fluoroform, Cyclopropane and an O-HéO Hydrogen Bond. J. Am. Chem. Soc. 1981, 

103, 1360. 

(113) Hobza, P.; Mulder, F.; Sandorfy, C. Quantum Chemical and Statistical Thermodynamic 

Investigations of Anesthetic Activity. 2. The Interaction Between Chloroform, 

Fluoroform, and an NH...O:C Hydrogen Bond. J. Am. Chem. Soc. 1982, 104, 925. 

(114) Hobza, P.; Sandorfy, C. Quantum Chemical and Statistical Thermodynamic 

Investigations of Anesthetic Activity. 3. The Interaction Between CH4, CH3Cl, CH2Cl2, 

CHCl3, CCl4, and an OðH é O Hydrogen Bond. Can. J. Chem. 1984, 62, 606. 

(115) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk, M.; Frauenheim, T.; Suhai, 

S.; Seifert, G. Self-Consistent-Charge Density-Functional Tight-Binding Method for 

Simulations of Complex Materials Properties. Phys. Rev. B 1998, 58, 7260. 

(116) Hepburn, J.; Scoles, G. A Simple but Reliable Method for the Prediction of 

Intermolecular Potentials. Chem. Phys. Lett. 1975, 36, 451. 

(117) Tang, K. T.; Toennies, J. P. A Simple Theoretical Model for the Van Der Waals 

Potential at Intermediate Distances. I. Spherically Symmetric Potentials. J. Chem. 

Phys. 1977, 66, 1496. 

(118) Tang, K. T.; Toennies, J. P. A Simple Theoretical Model for the Van Der Waals 

Potential at Intermediate Distances. II. Anisotropic Potentials of HeïH2 and NeïH2. J. 

Chem. Phys. 1978, 68, 5501. 

(119) Wu, X.; Vargas, M. C.; Nayak, S.; Lotrich, V.; Scoles, G. Towards Extending the 

Applicability of Density Functional Theory to Weakly Bound Systems. J. Chem. Phys. 

2001, 115, 8748. 

(120) Grimme, S. Accurate Description of Van Der Waals Complexes by Density Functional 

Theory Including Empirical Corrections. J. Comput. Chem. 2004, 25, 1463. 

(121) Jurecka, P.; Cerny, J.; Hobza, P.; Salahub, D. R. Density Functional Theory Augmented 

with an Empirical Dispersion Term. Interaction Energies and Geometries of 80 

Noncovalent Complexes Compared with Ab Initio Quantum Mechanics Calculations. 

J. Comput. Chem. 2007, 28, 555. 

(122) Peverati, R.; Truhlar, D. G. Quest for a Universal Density Functional: the Accuracy of 

Density Functionals Across a Broad Spectrum of Databases in Chemistry and Physics. 

Philos. T. R. Soc. S-A 2014, 372, 20120476. 

(123) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio 

Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 

Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. 



 

 100 

(124) Ehrlich, S.; Moellmann, J.; Reckien, W.; Bredow, T.; Grimme, S. System-Dependent 

Dispersion Coefficients for the DFT-D3 Treatment of Adsorption Processes on Ionic 

Surfaces. Chem. Phys. Chem. 2011, 12, 3414. 

(125) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion 

Corrected Density Functional Theory. J. Comput. Chem. 2011, 32, 1456. 

(126) Smith, D. G.; Burns, L. A.; Patkowski, K.; Sherrill, C. D. Revised Damping Parameters 

for the D3 Dispersion Correction to Density Functional Theory. J. Phys. Chem. Lett. 

2016, 7, 2197. 

(127) Grimme, S. Density Functional Theory with London Dispersion Corrections. WIRES: 

Comput. Mol. Sci. 2011, 1, 211. 

(128) Senge, M. O.; Davis, M. Porphyrin (Porphine) - A Neglected Parent Compound with 

Potential. J. Porphyr. Phthalocya. 2010, 14, 557. 

(129) Muck-Lichtenfeld, C.; Grimme, S. Structure and Binding Energies of the Porphine 

Dimer. Mol. Phys. 2007, 105, 2793. 

(130) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation of 

Vibrational Absorption and Circular Dichroism Spectra Using Density Functional 

Force Fields. J. Phys. Chem. 1994, 98, 11623. 

(131) Becke, A. D. Density-Functional Thermochemistry. III. The Role of Exact Exchange. 

J. Chem. Phys. 1993, 98, 5648. 

(132) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T. L. 6-31G* Basis Set for Atoms 

K Through Zn. J. Chem. Phys. 1998, 109, 1223. 

(133) Rassolov, V. A.; Ratner, M. A.; Pople, J. A.; Redfern, P. C.; Curtiss, L. A. 6-31G* 

Basis Set for Third-Row Atoms. J. Comp. Chem. 2001, 22, 976. 

(134) Hariharan, P. C.; Pople, J. A. Accuracy of AHn Equilibrium Geometries by Single 

Determinant Molecular Orbital Theory. Mol. Phys. 1974, 27, 209. 

(135) R.C. Binning, J.; Curtiss, L. A. Compact Contracted Basis Sets for Third-Row Atoms: 

GaïKr. J. Comp. Chem. 1990, 11, 1206. 

(136) Blaudeau, J.-P.; McGrath, M. P.; Curtiss, L. A.; Radom, L. Extension of Gaussian-2 

(G2) Theory to Molecules Containing Third-Row Atoms K and Ca. J. Chem. Phys. 

1997, 107, 5016. 

(137) Hariharan, P. C.; Pople, J. A. The Influence of Polarization Functions on Molecular 

Orbital Hydrogenation Energies. Theoret. Chim. Acta 1973, 28, 213. 



 

 101 

(138) Gordon, M. S. The Isomers of Silacyclopropane. Chem. Phys. Lett. 1980, 76, 163. 

(139) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Self-Consistent Molecular Orbital Methods. 

IX. Extended Gaussian-Type Basis for Molecular-Orbital Studies of Organic 

Molecules. J. Chem. Phys. 1971, 54, 724. 

(140) Ditchfield, R.; Hehre, W. J.; Pople, J. A. SelfðConsistent Molecular Orbital Methods. 

XII. Further Extensions of GaussianðType Basis Sets for Use in Molecular Orbital 

Studies of Organic Molecules. J. Chem. Phys. 1972, 56, 2257. 

(141) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; al., e. Self 

Consistent Molecular Orbital Methods. XXIII. A Polarizationtype Basis Set for Second 

Row Elements. J. Chem. Phys. 1982, 77, 3654. 

(142) Riley, K. E.; Op't Holt, B. T.; Merz, K. M., Jr. Critical Assessment of the Performance 

of Density Functional Methods for Several Atomic and Molecular Properties. J. Chem. 

Theory Comput. 2007, 3, 407. 

(143) Chen, B. M. L.; Tulinsky, A. Redetermination of the Structure of Porphine. J. Am. 

Chem. Soc. 1972, 94, 4144. 

(144) Tulinsky, A. The Structure of Free Base Porphine: An Average of Three Independent 

Structures. Ann. N. Y. Acad. Sci. 1973, 206, 47. 

(145) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Gaussian 09, revision 

D.01, Gaussian, Inc.: Willingford CT, 2009. 

(146) Zhao, Y.; Truhlar, D. G. Density Functionals with Broad Applicability in Chemistry. 

Acc. Chem. Res. 2007, 41, 157. 

(147) Boys, S. F.; Bernardi, F. The Calculation of Small Molecular Interactions by the 

Differences of Separate Total Energies. Some Procedures with Reduced Errors. Mol. 

Phys. 1970, 19, 553. 

(148) Simon, S.; Duran, M.; Dannenberg, J. J. How Does Basis Set Superposition Error 

Change the Potential Surfaces for HydrogenȤBonded Dimers? J. Chem. Phys. 1996, 

105, 11024. 

(149) Grimme, S. Improved Second-Order Møller-Plesset Perturbation Theory by Separate 

Scaling of Parallel- and Antiparallel-Spin Pair Correlation Energies. J. Chem. Phys. 

2003, 118, 9095. 



 

 102 

(150) Austin, A.; Petersson, G. A.; Frisch, M. J.; Dobek, F. J.; Scalmani, G.; Throssell, K. A 

Density Functional with Spherical Atom Dispersion Terms. J. Chem. Theory Comput. 

2012, 8, 4989. 

(151) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group 

Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited 

States, and Transition Elements: Two New Functionals and Systematic Testing of Four 

M06-Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215. 

(152) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation of 

Vibrational Absorption and Circular Dichroism Spectra Using Density Functional 

Force Fields. J. Phys. Chem. 1994, 1994, 11623. 

(153) Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the Colle-Salvetti Correlation-

Energy Formula into a Functional of the Electron-Density. Phys. Rev. B 1988, 37, 785. 

(154) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results Obtained with the Correlation-

Energy Density Functionals of Becke and Lee, Yang and Parr. Chem. Phys. Lett. 1989, 

157, 200. 

(155) Zhao, Y.; Truhlar, D. G. A New Local Density Functional for Main-Group 

Thermochemistry, Transition Metal Bonding, Thermochemical Kinetics, and 

Noncovalent Interactions. J. Chem. Phys. 2006, 125, 194101. 

(156) Perdew, J. P. Density-Functional Approximation for the Correlation-Energy of the 

Inhomogeneous Electron-Gas. Phys. Rev. B 1986, 33, 8822. 

(157) Ernzerhof, M.; Perdew, J. P. Generalized Gradient Approximation to the Angle- and 

System-Averaged Exchange Hole. J. Chem. Phys. 1998, 109, 3313. 

(158) Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, N. C. Development and 

Assessment of New Exchange-Correlation Functionals. J. Chem. Phys. 1998, 109, 

6264. 

(159) Perdew, J. P.; Burke, K.; Ernzerhof, M. Errata: Generalized Gradient Approximation 

Made Simple [Phys. Rev. Lett. 77, 3865 (1996)] Phys. Rev. Lett. 1997, 78, 1396. 

(160) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made 

Simple. Phys. Rev. Lett. 1996, 77, 3865. 

(161) Grimme, S. Semiempirical GGA-Type Density Functional Constructed with a Long-

Range Dispersion Correction. J. Comput. Chem. 2006, 27, 1787. 

(162) Schmider, H. L.; Becke, A. D. Optimized Density Functionals from the Extended G2 

Test Set. J. Chem. Phys. 1998, 108, 9624. 



 

 103 

(163) Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct 

Asymptotic Behavior. Phys. Rev. A Gen. Phys. 1988, 38, 3098. 

(164) Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and Correlation 

Effects. Phys. Rev. Lett. 1965, 140, A1133. 

(165) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent Electron Liquid 

Correlation Energies for Local Spin-Density Calculations - a Critical Analysis. Can. J. 

Phys. 1980, 58, 1200. 

(166) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Climbing the Density 

Functional Ladder: Nonempirical Meta-Generalized Gradient Approximation 

Designed for Molecules and Solids. Phys. Rev. Lett. 2003, 91, 146401. 

(167) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange-Correlation Functional 

Using the Coulomb-Attenuating Method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 

51. 

(168) Chai, J. D.; Head-Gordon, M. Systematic Optimization of Long-Range Corrected 

Hybrid Density Functionals. J. Chem. Phys. 2008, 128, 084106. 

(169) Roothaan, C. C. J. New Developments in Molecular Orbital Theory. Rev. Mod. Phys. 

1951, 23, 69. 

(170) Heyd, J.; Scuseria, G. E. Assessment and Validation of a Screened Coulomb Hybrid 

Density Functional. J. Chem. Phys. 2004, 120, 7274. 

(171) Henderson, T. M.; Izmaylov, A. F.; Scalmani, G.; Scuseria, G. E. Can Short-Range 

Hybrids Describe Long-Range-Dependent Properties? J. Chem. Phys. 2009, 131, 

044108. 

(172) Izmaylov, A. F.; Scuseria, G. E.; Frisch, M. J. Efficient Evaluation of Short-Range 

Hartree-Fock Exchange in Large Molecules and Periodic Systems. J. Chem. Phys. 

2006, 125, 104103. 

(173) Heyd, J.; Scuseria, G. E. Efficient Hybrid Density Functional Calculations in Solids: 

Assessment of the Heyd-Scuseria-Ernzerhof Screened Coulomb Hybrid Functional. J. 

Chem. Phys. 2004, 121, 1187. 

(174) Heyd, J.; Peralta, J. E.; Scuseria, G. E.; Martin, R. L. Energy Band Gaps and Lattice 

Parameters Evaluated with the Heyd-Scuseria-Ernzerhof Screened Hybrid Functional. 

J. Chem. Phys. 2005, 123, 174101. 



 

 104 

(175) Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E. Influence of the 

Exchange Screening Parameter on the Performance of Screened Hybrid Functionals. J. 

Chem. Phys. 2006, 125, 224106. 

(176) Chai, J. D.; Head-Gordon, M. Long-Range Corrected Hybrid Density Functionals with 

Damped Atom-Atom Dispersion Corrections. Phys. Chem. Chem. Phys. 2008, 10, 

6615. 

(177) Perdew, J. P.; Schmidt, K. Jacobôs Ladder of Density Functional Approximations for 

the Exchange-Correlation Energy. AIP Conf. Proc. 2001, 577, 1. 

(178) Neese, F. The ORCA Program System. WIRES: Comput. Mol. Sci. 2012, 2, 73. 

(179) Correlated Ab Initio Spin Densities for Larger Molecules:  Orbital-Optimized Spin-

Component-Scaled MP2 Method. J. Phys. Chem. A 2010, 114, 11768. 

(180) Neese, F.; Schwabe, T.; Kossmann, S.; Schirmer, B.; Grimme, S. Assessment of Orbital 

Optimized, Spin-Component Scaled Second Order Many Body Perturbation Theory for 

Thermochemistry and Kinetics. J. Chem. Theory Comput. 2009, 5, 3060. 

(181) Wennmohs, F.; Neese, F. Comparative Study of Single Reference Correlation Methods 

of the Coupled-Pair Type. Chem. Phys. 2008, 343, 217. 

(182) Neese, F.; Wennmohs, F.; Hansen, A.; Grimme, S. Accurate  Theoretical  Chemistry  

with Coupled Electron Pair Models. Acc. Chem. Res. 2009, 42, 641. 

(183) PavȀ sev²c, F.; Neese, F.; Valeev, E. F. Geminal-Spanning Orbitals Make Explicitly 

Correlated Reduced-Scaling Coupled-Cluster Methods Robust. J. Chem. Phys. 2014, 

141, 054106. 

(184) Papas, B. N.; Schaefer, H. F., III. Concerning the Precision of Standard Density 

Functional Programs: Gaussian, Molpro, NWChem, Q-Chem, and Gamess. J. Mol. 

Struc. THEOCHEM 2006, 768, 175. 

(185) Frisch, M. J.; Pople, J. A.; Binkley, J. S. SelfȤConsistent Molecular Orbital Methods 

25. Supplementary Functions for Gaussian Basis Sets. J. Chem. Phys. 1984, 80, 3265. 

(186) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. SelfȤConsistent Molecular Orbital 

Methods. XX. A Basis Set for Correlated Wave Functions. J. Chem. Phys. 1980, 72, 

650. 

(187) McLean, A. D.; Chandler, G. S. Contracted Gaussian Basis Sets for Molecular 

Calculations. I. Second Row Atoms, Z=11ï18. J. Chem. Phys. 1980, 72, 5639. 



 

 105 

(188) Wilson, A. K.; Mourik, T. v.; Dunning, T. H., Jr. Gaussian Basis Sets for Use in 

Correlated Molecular Calculations. VI. Sextuple Zeta Correlation Consistent Basis Sets 

for Boron Through Neon. J. Mol. Struc. THEOCHEM 1996, 388, 339. 

(189) Woon, D. E.; Dunning, T. H., Jr. Gaussian Basis Sets for Use in Correlated Molecular 

Calculations. III. The Atoms Aluminum Through Argon. J. Chem. Phys. 1993, 98, 

1358. 

(190) Dunning, T. H., Jr. Gaussian Basis Sets for Use in Correlated Molecular Calculations. 

I. The Atoms Boron Through Neon and Hydrogen. J. Chem. Phys. 1989, 90, 1007. 

(191) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. Electron Affinities of the FirstȤRow 

Atoms Revisited. Systematic Basis Sets and Wave Functions. J. Chem. Phys. 1992, 96, 

6796. 

(192) Davidson, E. R. Comment on ñComment on Dunning's Correlation-Consistent Basis 

Setsò. Chem. Phys. Lett. 1996, 260, 514. 

(193) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr. Benchmark Calculations with 

Correlated Molecular Wave Functions. IV. The Classical Barrier Height of the 

H+H2ŸH2+H Reaction. J. Chem. Phys. 1994, 100, 7410. 

(194) Antony, J.; Grimme, S. Is Spin-Component Scaled Second-Order MßllerīPlesset 

Perturbation Theory an Appropriate Method for the Study of Noncovalent Interactions 

in Molecules? J. Phys. Chem. A 2007, 111, 4862. 

(195) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D. Estimates of the Ab Initio Limit for ˊīˊ 

Interactions:  The Benzene Dimer. J. Am. Chem. Soc. 2002, 124, 10887. 

(196) Hobza, P.; Selzle, H. L.; Schlag, E. W. Potential Energy Surface for the Benzene 

Dimer. Results of Ab Initio CCSD(T) Calculations Show Two Nearly Isoenergetic 

Structures:  T-Shaped and Parallel-Displaced. J. Phys. Chem. 1996, 100, 18790. 

(197) Jaffe, R. L.; Smith, G. D. A Quantum Chemistry Study of Benzene Dimer. J. Chem. 

Phys. 1996, 105, 2780. 

(198) Tsuzuki, S.; Lüthi, H. P. Interaction Energies of Van Der Waals and Hydrogen Bonded 

Systems Calculated Using Density Functional Theory: Assessing the PW91 Model. J. 

Chem. Phys. 2001, 114, 3949. 

(199) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe, K. Effects of the 

Higher Electron Correlation Correction on the Calculated Intermolecular Interaction 

Energies of Benzene and Naphthalene Dimers: Comparison Between MP2 and 

CCSD(T) Calculations. Chem. Phys. Lett. 2000, 319, 547. 



 

 106 

(200) Zhao, Y.; Truhlar, D. G. Hybrid Meta Density Functional Theory Methods for 

Thermochemistry, Thermochemical Kinetics, and Noncovalent Interactions: The 

MPW1B95 and MPWB1K Models and Comparative Assessments for Hydrogen 

Bonding and Van Der Waals Interactions. J. Phys. Chem. A 2004, 108, 6908. 

(201) Hobza, P.; poner, J.; Reschel, T. Density Functional Theory and Molecular Clusters. J. 

Comput. Chem. 1995, 16, 1315. 

(202) Pérez-Jordá, J.; Becke, A. D. A Density-Functional Study of Van Der Waals Forces: 

Rare Gas Diatomics. Chem. Phys. Lett. 1995, 233, 134. 

 

  



 

 107 

CHAPTER 5 

5.1. Concluding remarks 

 Light harvesting in natural and artificial porphyrin-based arrays is inherently difficult 

to model due to the large size of these systems, their non-periodicity, the prevalence of 

noncovalent interactions between pigments, the multi-configurational character of porphyrin 

pigment excited states, and the nonadiabatic characteristics of light-induced excited state 

processes.1-3 The preceding body of work in this dissertation demonstrates how different 

properties of light-harvesting porphyrin arrays may be modeled through the utilization of 

quantum mechanical approaches. The computational goals met by the projects herein focused 

on explaining panchromatic absorption in strongly coupled porphyrin pigments,4 simulating 

excited state energy transfer (EET) in weakly coupled porphyrin pigments and benchmarking 

density functional methods for a description of noncovalent interactions in a porphyrin dimer.  

 In Chapter 2, it was shown that a combination of conformational flexibility determined 

from the flatness of computed ground state PMINP potential energy surfaces and structurally 

sensitive excited state character, i.e. local, non-local or charge transfer, result in porphyrin 

arrays that exhibit panchromatic absorption in the visible region. Kohn-Sham density 

functional theory (KS-DFT)5 was instrumental in computing the ground state electronic 

properties and potential energy surfaces of these arrays while linear-response time-dependent 

DFT (TD-DFT)6 was relied on for excited state calculations, whose characterization was 

carried out via natural transition orbitals (NTOs). 

 In Chapter 3, EET7-9 was simulated in the previously synthesized and studied (kEET = 

(3.5 ps)-1) meso-meso p-phenylene linked zinc-freebase porphyrin dyad (ZnFbū). Given that 

the EET process in this and related porphyrin based systems occurs on a pico-second time scale 

where nuclear dynamics begins to exert its influence, a sequential quantum mechanics 

molecular mechanics (QM/MM)10 methodology was selected as a viable approach to the 

simulation of nonadiabatic processes in this challenging system. This was the first time that 

the computational approach originally developed by Batista and Rego11 for modeling charge 

separation in dye-nanoparticle assemblies was utilized for the description of EET in a 
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molecular array. It was determined that for a successful simulation of complete EET in the 

porphyrin dimer, the model presented required (1) the parameterization of the semiemprirical 

Hamiltonian used for quantum dynamics simulations, (2) the inclusion of nuclear motion into 

the model, and (3) the addition of an electron-hole Coulombic coupling term in the 

Hamiltonian. The EET model achieved semi-quantitative accuracy in the EET rate constant 

averaged over ten independent EET simulations.12 The results obtained suggest that this 

particular QM/MM method is a viable strategy to simulations of excited state energy transfer 

in this and similar molecular systems. 

 In Chapter 4, the noncovalent interactions,13,14 were investigated in a ˊ-ˊ stacked 

porphyrin dimer. Twenty-nine exchange-correlation functionals spanning the lowest four 

rungs on Jacobôs ladder of density functional approximations were benchmarked against the 

MP2 and SCS-MP2 inter-porphin interaction energies as a function of monomer separation. It 

was demonstrated that most of the standard exchange-correlation functionals fail to capture 

binding interaction in the face-to-face porphin dimer. On the other hand, functionals developed 

against noncovalent interaction benchmark data and dispersion corrected functionals 

qualitatively reproduced the interaction energy curve obtained at the SCS-MP2/cc-pVTZ 

level.15 In particular, two dispersion corrected functionals, BP86-D3(BJ)16-20 and APFD21 

achieved quantitative agreement with the SCS-MP2 benchmark data. The recommended 

functionals should allow for reliable application of KS-DFT to non-bonded multiporphyrin 

structures often found in natural and artificial light-harvesting systems. 

 This dissertation has demonstrated the utility of DFT, TD-DFT, and QM/MM methods 

based on a semiempirical Hamiltonian for modeling various challenging aspects of light-

harvesting, especially light absorption and EET processes. Moving forward, these methods 

should continue to provide useful insights into the complex nature of light harvesting in 

tetrapyrrole-based pigment aggregates. 
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APPENDIX A 

A.1. Optimized structure of porphyrin-perylene arrays at the B3LYP and CAM-

B3LYP levels of theory. 

 

Figure A1. B3LYP optimized structures of (a) PMI1P, (b) PMI2TP, (c) PMI2CP, (d) PMI3P and 

(e) PMI4P in vacuum. 

 

Figure A2. CAM-B3LYP optimized structures of (a) PMI1P, (b) PMI2TP, (c) PMI2CP, (d) 

PMI3P and (e) PMI4P in vacuum.
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Table A1. Porphyrin-perylene dihedral angles for CAM-B3LYP optimized structures of 

PMINP. 

Porphyrin-

perylene Array 

Fb-PMI1  

dihedral angle 

(degrees) 

Fb-PMI2  

dihedral angle 

(degrees) 

Fb-PMI3  

dihedral angle 

(degrees) 

Fb-PMI4  

dihedral angle 

(degrees) 

PMI1P 30.2 - - - 

PMI2TP 28.4 28.2 - - 

PMI2CP 26.9 29.3 - - 

PMI3P 27.2 30.6 27.3 - 

PMI4P 27.1 30.4 27.9 30.0 
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A.2. Energy changes that occur in porphyrin-perylene systems as a result of 

synchronous rotation about all ethynyl linkers. 

 

Figure A3. Potential energy surfaces related to synchronous rotation of all PMI substituents 

shown for PMINP. The lines are drawn at the average ȹE between the two local maxima of 

each constrained PES. The energy difference between the CAM-B3LYP optimized and 

orthogonal structures is in parenthesis.  
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A.3. Potential energy surface related to rotation of a single perylene about the 

ethynyl linker in PMI NP. 

 

Figure A4. B3LYP potential energy surfaces related to individual rotation of each PMI 

substituent for PMINP arrays. The largest ȹE (bolded) relative to the lowest energy structure 

on the PES are bolded. 
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A.4. Frontier MO mixing between Fb and PMI via the frontier MOs of an 

ethynyl linker result in the frontier MOs of PMI 1P. 

 

Figure A5. The left box contains the frontier MO shapes and energies of optimized freebase 

porphyrin with ethynyl linker (Fb-e) (a) and PMI with ethynyl linker (e-PMI) (b). The right 

box contains the frontier MO shapes of PMI1P at the B3LYP optimized structure (c). 
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A.5. Frontier electronic structure of PMI 2TP, PMI2CP, PMI3P and PMI4P at their 

optimized and orthogonal conformations calculated at the B3LYP level of 

theory. 

 

Figure A6. The HOMO, LUMO and frontier B3LYP MO energy levels of B3LYP optimized 

Fb-e, PMI-e, PMI1P, PMI2CP, PMI2TP, PMI3P and PMI4P. The red horizontal lines indicate the 

HOMO and LUMO energy levels of each system. 
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Figure A7. Frontier B3LYP MOs of the B3LYP optimized PMI1P and PMI1P optimized with 

porphyrin-perylene dihedral angle constrained to 0° and 90°. 

 

Figure A8. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI2TP. 
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Figure A9. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI2CP. 

 

 

Figure A10. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI3P. 
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Figure A11. Frontier B3LYP MO shapes and energies of B3LYP optimized PMI4P. 

 

 

Figure A12. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI2TP. 
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Figure A13. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI2CP. 

 

Figure A14. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI3P. 
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Figure A15. Frontier B3LYP MO shapes and energies of B3LYP calculated orthogonal 

PMI4P. 
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A.6. Dependencies of the electronic structure of PMI1P on functional and solvent. 

 

Figure A16. Effects of functional on the frontier MOs of B3LYP optimized PMI1P. 
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Figure A17. Effects of functional on the shapes and ordering of frontier MOs of B3LYP optimized PMINP. 






















































































































