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ABSTRACT OF THE DISSERTATION 

 

Exploring Structure-Property Relationships 

in Conjugated Organic Materials 

 

by 

 

Blanton Neil Martin 

Doctor of Philosophy in Chemistry 
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Professor Kendall N. Houk, Chair 

 

  In order to accelerate independence from fossil fuels, it is imperative to 

develop clean and renewable energy sources that can support increasing worldwide 

demands. Conjugated organic polymers and oligomers can be used as materials in 

organic photovoltaic (OPV) devices, also known as organic solar cells, which convert 

sunlight into electricity. In contrast to currently available inorganic solar cells, these 

devices are promising because of low cost, ease of manufacturing, and flexibility of the 

resulting solar cell. However, current OPV devices are not efficient enough to compete 

with inorganic cells, and a significant cause of the lagging efficiency of OPV devices is 

the inability to design them using theoretical methods. 
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 This dissertation describes the development and initial groundwork of a new 

computational methodology to predict the device properties and efficiency of any 

oligomer-based OPV device from only the molecular structure of the materials that make 

it up. Chapter 1 provides an introduction to the problems facing this work, and Chapter 

2 describes the methodology in detail. The methodology is multiscale; it takes place at 

the molecular scale where atomic properties are calculated, at the mesoscale where 

morphology, or molecular packing, properties are calculated, and at the device scale, 

where the device properties are calculated. Chapter 3 describes work that explains why 

existing methods are inadequate for accurate prediction of device properties from 

molecular structure. Chapter 4 examines in depth the ways in which small changes to 

the molecular structure of an OPV material profoundly influences the morphology of the 

material and properties of the OPV device. In Chapters 5 and 6, properties of two other 

conjugated systems are studied. Chapter 5 discusses structure-property relationships 

in ligand-protein binding, specifically how changes to the molecular structure of a green 

fluorescent protein chromophore affects the extent of fluorescence upon binding to 

human serum albumin, a protein linked to important human diseases. In Chapter 6, 

discussion follows the work performed to analyze how swapping the positions of two 

atoms in a series of small conjugated molecules results in flipping a reactivity switch for 

a Diels-Alder reaction. 

 

  



! iv!

The dissertation of Blanton Neil Martin is approved. 

 

Miguel A. Garcia-Garibay 

Yang Yang 

Kendall N. Houk, Committee Chair 

 

 

University of California, Los Angeles 

2016

 

  



! v!

Table of Contents 

List of Figures ................................................................................................................. viii 

List of Tables ................................................................................................................... xi 

List of Schemes .............................................................................................................. xii 

List of Equations ............................................................................................................. xiii 

Acknowledgements ....................................................................................................... xiv 

Biographical Sketch ....................................................................................................... xv 

 

Chapter 1. Introduction .................................................................................................... 1 

1.1. Premise ........................................................................................................... 1 

1.2. Aims ................................................................................................................ 3 

1.3. Conjugated organic materials ........................................................................ 5 

1.4. Modern organic photovoltaic devices .......................................................... 10 

1.5. Current understanding of OPV device properties ........................................ 13 

1.6. Existing theoretical approaches to OPV device design ............................... 15 

1.7. References .................................................................................................... 20 

 

Chapter 2. Methodology ................................................................................................ 35 

2.1. A multiscale simulation approach ................................................................ 35 

2.2. Nanomorphologies ....................................................................................... 36 

2.3. Bulk morphologies ........................................................................................ 43 



! vi!

Table of Contents (continued) 

2.4. Interfacial morphologies ............................................................................... 45 

2.5. Iterative device design .................................................................................. 50 

2.6. References .................................................................................................... 53 

 

Chapter 3. Molecular Structure and Photovoltaic Device Efficiency ............................. 59 

3.1. Introduction .................................................................................................. 59 

3.2. Testing a new method for accuracy ............................................................. 64 

3.3. Detailed analysis of SMPV1 .......................................................................... 74 

3.4. Discussion and moving forward ................................................................... 79 

3.5. References .................................................................................................... 81 

 

Chapter 4. Explaining the Influence of Side Chains on Intermolecular Interactions in 

Cyclopentadithiophene- and Silacyclopentadithiophene-based Polymers  .................. 88 

4.1. Introduction .................................................................................................. 88 

4.2. Computational methods ............................................................................... 91 

4.3. Results and Discussion ................................................................................ 92 

4.4. Conclusions ................................................................................................ 102 

 4.5. References .................................................................................................. 104 

 

 



! vii!

Table of Contents (continued) 

Chapter 5. Elucidating Fluorescence-Binding Relationships of a Series of Green 

Fluorescent Protein Chromophores in Human Serum Albumin  .................................. 109 

5.1. Introduction ................................................................................................ 109 

5.2. Computational methods ............................................................................. 115 

5.3. Structure and isomerization of the GFP chromophore analogs  ................ 119 

5.4. Elucidating the fluorescence-binding relationships of the analogs  ........... 121 

5.5. Conclusions  ............................................................................................... 129 

5.6. References .................................................................................................. 131 

 

Chapter 6. Why Cyclic 1-Azadienes and Heterocyclic Analogs are Less Reactive than 

Cyclic 2-Azadienes in Diels–Alder Reactions  .............................................................. 136 

6.1. Introduction ................................................................................................ 137 

6.2. Computational methods ............................................................................. 140 

6.3. Results ........................................................................................................ 141 

6.4. Discussion .................................................................................................. 152 

 6.5. Conclusions ................................................................................................ 158 

 6.6. References .................................................................................................. 160 

 

  



! viii!

List of Figures 

Figure 1.1 ......................................................................................................................... 6 

Figure 1.2 ......................................................................................................................... 7 

Figure 1.3 ....................................................................................................................... 12 

Figure 1.4 ....................................................................................................................... 14 

Figure 2.1 ....................................................................................................................... 40 

Figure 2.2 ....................................................................................................................... 40 

Figure 2.3 ....................................................................................................................... 45 

Figure 3.1 ....................................................................................................................... 60 

Figure 3.2 ....................................................................................................................... 62 

Figure 3.3 ....................................................................................................................... 65 

Figure 3.4 ....................................................................................................................... 68 

Figure 3.5 ....................................................................................................................... 70 

Figure 3.6 ....................................................................................................................... 72 

Figure 3.7 ....................................................................................................................... 74 

Figure 3.8 ....................................................................................................................... 75 

Figure 3.9 ....................................................................................................................... 78 

Figure 4.1 ....................................................................................................................... 90 

Figure 4.2 ....................................................................................................................... 94 

Figure 4.3 ....................................................................................................................... 95 

Figure 4.4 ....................................................................................................................... 97 



! ix!

List of Figures (continued) 

Figure 4.5 ....................................................................................................................... 97 

Figure 4.6 ....................................................................................................................... 99 

Figure 4.7 ..................................................................................................................... 100 

Figure 4.8 ..................................................................................................................... 101 

Figure 4.9 ..................................................................................................................... 102 

Figure 5.1 ..................................................................................................................... 110 

Figure 5.2 ..................................................................................................................... 112 

Figure 5.3 ..................................................................................................................... 120 

Figure 5.4 ..................................................................................................................... 122 

Figure 5.5 ..................................................................................................................... 124 

Figure 5.6 ..................................................................................................................... 126 

Figure 5.7 ..................................................................................................................... 128 

Figure 6.1 ..................................................................................................................... 141 

Figure 6.2 ..................................................................................................................... 143 

Figure 6.3 ..................................................................................................................... 144 

Figure 6.4 ..................................................................................................................... 145 

Figure 6.5 ..................................................................................................................... 147 

Figure 6.6 ..................................................................................................................... 151 

Figure 6.7 ..................................................................................................................... 152 

Figure 6.8 ..................................................................................................................... 153 



! x!

List of Figures (continued) 

Figure 6.9 ..................................................................................................................... 154 

Figure 6.10 ................................................................................................................... 155 

Figure 6.11 ................................................................................................................... 157 

Figure 6.12 ................................................................................................................... 158 

  



! xi!

List of Tables 

Table 3.1 ......................................................................................................................... 67 

Table 3.2 ......................................................................................................................... 71 

Table 3.3 ......................................................................................................................... 76 

Table 5.1 ....................................................................................................................... 114 

Table 6.1 ....................................................................................................................... 150 

 

  



! xii!

List of Schemes 

Scheme 6.1 .................................................................................................................. 137 

Scheme 6.2 .................................................................................................................. 138 

Scheme 6.3 .................................................................................................................. 140 

Scheme 6.4 .................................................................................................................. 149 

 

  



! xiii!

List of Equations 

Equation 2.1 ................................................................................................................... 46 

Equation 3.1 ................................................................................................................... 61 

Equation 3.2 ................................................................................................................... 61 

Equation 3.3 ................................................................................................................... 61 

Equation 3.4 ................................................................................................................... 61 

Equation 3.5 ................................................................................................................... 69 

Equation 3.6 ................................................................................................................... 69 

Equation 5.1 ................................................................................................................. 117 

  



! xiv!

Acknowledgements 

I must foremost give great thanks to my advisor, Professor K. N. Houk, for his 

great insight and assistance in all matters over my journey in his lab, and for his 

absolutely endless patience. I would also like to thank my friends in the Houk group, in 

the Chemistry department, and elsewhere at UCLA and around the world for their 

camaraderie throughout the highs and the lows.  

The work described in Chapter 6 of this dissertation was shared with Jason S. 

Fell, a graduate student in the Houk research group. The work performed to construct 

and execute calculations, and to develop and create illustrations was shared equally. 

The work contained in this dissertation was supported in part by a grant from the 

National Science Foundation program, Designing Materials to Revolutionize and 

Engineer our Future. 

 

  



! xv!

Biographical Sketch 

EDUCATION 
University of California, Los Angeles, Los Angeles, CA M. S. Chemistry 2011 
Georgia Institute of Technology, Atlanta, GA   B. S. Management 2003 
 
PUBLICATIONS 
(1) I. Yavuz, B. N. Martin, J. Park, and K. N. Houk: “Theoretical Study of the Molecular 
Ordering, Paracrystallinity, And Charge Mobilities of Oligomers in Different Crystalline 
Phases,” J. Am. Chem. Soc., 137, 2856-2866 (2015). 
(2) S. E. Kasprzak, B. N. Martin, T. Raj, and K. Gall: “Synthesis and thermomechanical 
behavior of (qua)ternary thiol-ene(/acrylate) copolymers,” Polymer, 50, 5549-5558 
(2009). 
 
INVITED PRESENTATIONS 
(1) I. Yavuz, B. N. Martin, J. Park, and K. N. Houk: “Multi-scale computational modeling 
of morphology and charge mobilities of self-assembled donor oligomers in different 
crystalline phases,” Poster presentation at the American Chemical Society National 
Meeting, Dallas, TX (03/18/2014). 
(2) B. N. Martin and K. N. Houk: “Progress toward de novo prediction of morphology in 
oligomer-based thin-film bulk heterojunction organic photovoltaic devices,” Poster 
presentation at the American Chemical Society National Meeting, Dallas, TX 
(03/16/2014). 
(3) B. N. Martin, J. Fell, and K. N. Houk: “Why 1-aza-substituted pentaheterocycles are 
generally less reactive than 2-aza-substituted pentaheterocycles in Diels-Alder 
cycloadditions,” Poster presentation at the Seaborg Symposium, Los Angeles, CA 
(10/26/2013). 
(4) B. N. Martin, Y. Yang, and K. N. Houk: "Influence of Side Chains on Intermolecular 
Interactions in Cyclopentadithiophene- and Silacyclopentadithiophene-based 
Polymers,” Poster presentation at Gordon Research Conferences: Electronic 
Processes in Organic Materials, Lucca, IT (6/6/2012). 
(5) B. N. Martin and K. N. Houk: “Substrate docking and binding into designed 
enzymes,” Poster presentation at the American Chemical Society National Meeting, 
San Francisco, CA (3/21/2010). 
(6) S. E. Kasprzak, B. N. Martin, T. Raj, and K. Gall: “Thermomechanical 
Characterization of (Qua)ternary Thiol-ene/Acrylate Polymers for Photolithography and 
Shape Memory Applications,” Poster presentation at the Materials Research Society 
Fall Meeting, Boston, MA (12/4/2008).  



! 1!

Chapter 1. Introduction 
 
 
1.1 Premise 

As the dominant source of energy production for humanity, the burning of fossil 

fuels causes serious environmental pollution and exacerbates the greenhouse effect. 

Given these problems, and the increasing cost and many competing materials uses of 

fossil fuels, clean and affordable renewable energy sources are urgently needed to 

satisfy the tens of terawatts (TW) energy requirement of human civilization. Solar cell, 

or photovoltaic, technology is one good choice for replacing traditional energy sources. 

Each year, the sun deposits 120,000 TW of power onto the surface of the Earth, far 

more than the 13 TW of total power used by the planet’s population at present, and 

into the foreseeable future.1 The development of affordable photovoltaic (PV) 

technology is therefore one of the most promising long-term solutions for clean, 

renewable energy. Current commercialized solar cells are based on inorganic materials 

(silicon, CdTe, CuInxGa (1-x) Se2, III-V materials). The power conversion efficiency 

(PCE) of these inorganic PVs ranges from 10% to over 40%, but the materials and/or 

processes used are typically toxic, and the costs are high. Compared with inorganic 

solar cells, bulk heterojunction organic PV cells (OPVs) have many advantages: simple 

fabrication, low cost, light weight, diversity of materials, and device flexibility.2 

Most OPVs are bulk heterojunction devices; that is, the light-absorbing portion 

of the cell consists of a heterogeneous mixture of electron-donating, or donor, 

molecules and electron-accepting, or acceptor, molecules. In the past decade of 
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burgeoning OPV research, most of the design effort has been put into the development 

of novel donor materials. These materials are conjugated organic molecules, either 

polymeric or oligomeric, that act as semiconductors, and development has been 

primarily guided by empirical rules: low band gaps to harvest more sunlight, suitable 

energy levels to achieve high open circuit voltage (Voc), suitable exciton separation 

driving force, high molecular weight to promote crystallinity, and good charge 

mobilities.3 Bulk heterojunction (BHJ) OPV devices are comprised of a blended mixture 

of electron donor and electron acceptor materials.  Each of these two materials forms 

aggregrates on the length scale of exciton diffusion from interfaces between these 

aggregrates; the properties of BHJ OPVs rely heavily on these morphological features. 

Recent advances in materials development, device optimization, and device 

engineering have led to significant progress in BHJ OPV performance and durability; 

power conversion efficiencies (PCEs) have pushed from less than 4% in 2004 to 12% 

at present – Yang at UCLA (11.6%, internally measured) and Bäuerle at Heliatek 

(12.0%,4 verified by SGS). 

The above results are encouraging, but device performance has not yet reached 

the level necessary for commercialization. Replacing the reliance on almost purely 

empirical approaches to donor material development with a synergistic approach, 

where rational design is guided by accurate theoretical assessment of the complex 

morphologies of thin-film devices, is an important step toward efficient, accelerated 

discovery of OPV materials. Over the course of my graduate career, the Houk research 
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group has engaged in improving the understanding of structure-property relationships 

in conjugated organic materials, including the development of a comprehensive 

approach to the problem of predicting morphologies in OPV devices as well as the 

properties of the devices that are influenced by the morphology. In the pages that 

follow, my contribution to the understanding of structure-property relationships of 

conjugated materials such as those found in OPV devices will be discussed. 

 

1.2 Aims 

For rational design of new donor materials for more rapid discovery of high-

efficiency OPVs, there is a great need to improve understanding of the influence of 

donor molecular structure on device properties. This relationship is obfuscated 

primarily by an inability to predict morphology and other properties, from the molecular 

structure of the constituent molecules. Here, I use the word morphology to describe 

packing arrangements between donor molecules in the material. For this project, a 

novel computational approach for multiscale morphology modeling of oligomeric donor 

material is proposed, utilizing a combination of sampling and ranking techniques using 

integrated electronic structure calculations, crystal structure prediction (CSP), 

molecular dynamics (MD), and charge transport property (CTP) simulations. The major 

limitation of using MD in material sciences is the relatively short time scale feasible for 

MD simulations – too short to model morphological changes. In the approach, this 

limitation is avoided by using CSP to sample possible packing arrangements, providing 
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initial geometries for MD simulations of each arrangement. Once completed, force-

field-based MD is employed to simulate the variation in local chemical properties. As 

part of this approach, known methods are used to predict donor morphology-

influenced properties that affect device performance: hole mobility and bulk electronic 

structure. The approach outlined above can be applied to prediction and rational 

design of novel donors for high-efficiency OPVs based on a tightly knit, iterative loop of 

computational design performed in the Houk lab, followed by synthetic work and 

device characterization, performed by collaborators. 

While there are a number of possible materials combinations for OPV devices, 

this project is primarily focused on solution-processed heterojunction cells that 

combine traditional acceptor materials (fullerenes and fullerene derivatives) with new 

oligomeric donor materials. Solution-processed OPV devices based on oligomeric 

donors have good potential to combine the advantages of performance (devices with 

~7% PCE have been reported),5 processability, and most importantly, model simplicity 

for theoretical prediction. The Organic Photovoltaic subgroup in the Houk lab, created 

for this project, has been engaged in a process of developing, perfecting, and applying 

our computational approaches to predicting morphology and properties on oligomeric 

donors. Experimental support for our work is provided by synthetic chemists in the 

UCLA department of Chemistry and Biochemistry (led by Neil Garg) and OPV device 

characterization experts in the UCLA Department of Materials Science and Engineering 

(led by Yang Yang). Feedback from experimental results inform computations; 
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methods are adjusted as needed, and then used to predict a subsequent round of 

modifications, which will be synthesized and tested, in an iterative fashion. 

 

1.3 Conjugated organic materials 

The conjugated organic materials that will be discussed in this dissertation fall 

into two categories: oligomers and polymers. An oligomer is a type of molecule that 

consists of two or more covalently-bonded units of atoms called monomers that result 

in relatively short chains consisting of a maximum of ten or so monomers. A polymer is 

essentially a very long oligomer, composed of many repeating units of monomers, 

resulting in a very long chain-like structure. It is possible to have different monomers 

that alternate in an oligomer or polymer. Figure 1.1 shows prototypical examples of 

oligomers and polymers, including arrangements of alternating monomers that are 

called co-oligomers or copolymers. 
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Figure 1.1. (Left top) A prototypical oligomer, made up of repeating monomer A, and 

(left bottom) an alternating cooligomer, made up of repeating monomers A and B that 

alternate. (Right top) A prototypical polymer, made up of repeating monomer A, and 

(bottom right) an alternating copolymer, made up of repeating comonomers A and B. 

 

While an oligomer has a discrete structure, a polymer does not have any set 

number of monomers or co-monomers of which it is made up. The simplest possible 

example, polyethylene (PE), which consists of repeating ethano units, CH2CH2, can 

reach lengths of over 2 x 105 units.6 There are different classes of PE based on length 

among other factors, and depending on the approximate length, PE can have a large 

variety of properties. A defining feature and advantage of oligomers and polymers is 

that they are tunable; changes in their structure can make predictable changes in their 

properties. This characteristic of oligomers and polymers is the basis of the success of 

A A A A
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conductive and semiconductive materials based on these molecules. See Figure 1.2 

for a few examples. 

 

 

Figure 1.2. (Left) Butadiene and biothiophene, two simple two-monomer oligomers, or 

dimers, and (right) polyacetylene and polythiophene, two polymers derived from the 

same monomers as the dimers on the left. Polyacetylene was the first discovered 

conductive polymer (after doping, which is discussed later in this section), for which 

the Nobel Prize in Chemistry was awarded in 2000 to Hideki Shirakawa, Alan Heeger, 

and Alan MacDiarmid. Its discovery marked the beginning of research into electronic 

organic materials. Polythiophene is a popular modern conductive polymer and is the 

prototypical donor material in OPVs. It was the first donor material that resulted in a 

high-efficiency OPV device. 
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There are three ways that materials will react to electric charge: conduction, 

semi-conduction, and insulation. A conductor is a material with almost unimpeded 

electron flow, with an electric conductance measuring over 103 Siemens per 

centimeter, while on the other end of the spectrum, an insulator almost completely 

resists electron flow, conducting electricity at a rate lower than 10−8 Siemens per 

centimeter. A semiconductor is a material that conducts electricity in a range that lies 

between that of a conductor and an insulator, from 103 to 10−8 Siemens per centimeter. 

A conjugated organic molecule may have the properties of a conductor or a 

semiconductor, but for our purposes, interest is primarily in molecules that display 

semiconductive properties due to the vast array of potential applications for 

semiconductors in electronic devices. 

Bonding in organic molecules involves either sigma bonds (σ-bonds) or pi bonds 

(π-bonds). Electrons in π-bonds are more easily ionized, or removed, than those in σ-

bonds. Organic molecules that display conductivity or semiconductivity consist of 

chains of covalently-bonded atoms through which electrons can readily flow, and the 

flow of electrons through π-conjugation. The resulting conjugation creates a pathway 

of travel for the electrons, and allows each electron to be delocalized over multiple 

atoms connected by the π-bonds. These structures are often drawn as alternating 

single and double bonds, but in reality, because of the continuous nature of the π-

bonding, the bonds do not alternate but rather each bond is like something in between 

a single bond and a double bond. The delocalization of the electrons in π-conjugation 



! 9!

also means that the electrons have a higher level of mobility; that is, the electrons are 

more easily moved from one π-bonding orbital to the the next, than the most mobile 

electrons of a molecule whose backbone is made up of only σ-bonds.42 Furthermore, 

because on a conjugated polymer all backbone orbitals are connected to each other 

via the contiguous conjugation, electrons can flow great distances from one end of the 

molecule to the other, resulting in the observed conductivity of the material. 

Many organic molecules are semiconductors, and some can be made to be 

conductors through a process known as doping, where electrons are added to or 

removed from the conjugated molecule.7 When an electron is added to the molecule 

(n-doping, for negative doping), it lands in a high-energy antibonding π-orbital (the π*-

orbital). In organic molecules, this orbital is often the lowest unoccupied molecular 

orbital (LUMO), and will always be the lowest unoccupied molecular π-orbital (π-

LUMO). Because of conjugation, the electron can freely move through the molecule in 

the π-LUMO; thus, this orbital can be called the conductive band of the molecule. 

Similarly, when an electron is removed (p-doping), a “hole” is created in a π-orbital 

called the highest occupied molecular π-orbital (π-HOMO) where the removed electron 

was located. As with the π-LUMO, this π-orbital is often the HOMO. This positively 

charged hole moves across the molecule through the π-HOMO, which can be called 

the valence band of the molecule. Again, charge mobility, an important property of 

OPV devices, describes the ease of movement of charge through these bands to result 

in the conduction of electricity. As discussed in the following section, functional OPV 
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devices necessitate the use of semiconducting molecules. Therefore, all of the 

materials, polymeric and oligomeric, that will be discussed in this dissertation are 

semiconductors.  

 

1.4 Modern organic photovoltaic devices 

The development of high-efficiency OPV devices has been a subject of intense 

research in the last two decades since the beginning of the field. While pioneering 

high-efficiency devices have been made with polymers as the donor material, the 

fabrication of oligomer-based OPV devices is a relatively new approach. In the last five 

years, PCE in oligomeric OPVs has been significantly improved from 1-2% to close to 

7%,5a,8,9 while polymer-based OPV devices have achieved efficiencies of 10%.10 During 

this time, exotic OPV devices like tandem cells, which are made using multiple active 

layers sandwiched together between the electrodes, have reached PCEs of over 

12%.11 

Although solution-processed oligomeric OPVs have not yet met the efficiencies 

of their polymeric counterparts, they possess numerous advantages including more 

straightforward synthesis and purification, intrinsic monodispersity and well-defined 

structures, no end group contaminants, high charge carrier mobility, and better batch-

to-batch reproducibility. Solution-processed oligomeric BHJ solar cells based on 

oligothiophenes, soluble acenes, triarylamines, diketopyrrolopyrroles (DPP – Figure 

1.3, O2),8f squaraines (Figure 1.3, O5),12 merocyanine, and dipyrromethene boron 
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difluoride (BODIPY) derivatives, have shown promise. Figure 1.3 shows the molecular 

structures of some successful OPV oligomers. A high PCE of 4.3% has recently been 

obtained by using a triarylamine-centered small molecule (Figure 1.3, O7).13 For 

solution-processable linear small molecules, a higher efficiency of over 5% was 

obtained very recently.5a,8a-8d Groups at UCLA and Nankai have applied different alkyl 

cyanoacetate electron-withdrawing substituents to terminate an oligothiophene (Figure 

1.3, O1),8d and this series of small molecules demonstrates promising PCEs (4.46–

5.08%). The electron-withdrawing end-groups narrowed the band gap of the 

oligothiophene and extended absorption to 750 nm. The broad absorption, and high 

hole mobility of over 1×10-4 cm2 V-1 s-1, led to devices with current density over 9 mA 

cm-2. Efficiency was further improved to 6.1% by changing the electron-withdrawing 

end group with a rhodanine dye,8a which not only lowers the band gap, but also further 

improves the molar absorption coefficient of the materials. The device gave a record Jsc 

of 13.98 mA cm-2 in a solution-processed small molecule based cell. 
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Figure 1.3. (O1-O8) A sample of oligomer structures recently reported in the literature 

as found in solution-processed oligomeric OPV devices. 

 

Heeger et al. recently reported a device with 6.7% PCE using a core acceptor-

donor-acceptor (A-D-A) framework for the oligomeric donor (Figure 1.3, O4).5a This 

oligomeric donor exhibits excellent solubility in organic solvents, strong optical 

absorption, especially from 600 to 800 nm, and a field-effect hole mobility of �0.1 cm2 

V-1 s-1. The best PCE of 6.7%, compared with the as-cast PCE of 4.5%, was achieved 

after processing the active layers with DIO as the solvent additive at only 0.25% v/v. 
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This demonstrates an unusually high sensitivity of the nanoscale structure to the 

processing environment.  

 

1.5 Current understanding of OPV device properties 

The electronic properties of BHJ OPV cells are well characterized and 

computable with electronic structure methods.14 An active layer, consisting of a mixture 

of an electron-donating material (the donor, D) and an electron-accepting material (the 

acceptor, A), is sandwiched between two electrodes (Figure 1.4a, left). Light is 

absorbed in the active layer to generate electricity. PCE is a measure of incident light 

converted to electricity, and is a product of three factors: Jsc (short-circuit current 

density), Voc (open-circuit voltage), and FF (fill factor). Jsc is maximized by decreasing 

the electronic excitation energy (or band gap, Eg, roughly equivalent to the HOMO-

LUMO gap) of D, increasing the thermodynamic driving force of charge separation 

(ΔGcs) at the D/A interface, and by maximizing charge mobility (μ). Refer to Figure 1.4, 

right, for graphical representations of the relevant quantities. Maximization of Voc 

occurs by increasing the LUMO energy of A and decreasing the HOMO energy of D. 

Because decreasing the HOMO energy of D increases Eg, maximization of Voc and 

maximization of Jsc are at odds and must be balanced. FF, like Jsc, is positively 

correlated to charge separation and mobility, but it is also affected by morphological 

features not relevant to molecular design, such as active layer depth. 
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Figure 1.4. (Left) The general structure of BHJ OPV solar cells consists of an active 

layer of a donor and an acceptor, sandwiched by two electrodes. (Right) A 

representative structure of the active layer and three steps of electricity generation in a 

BHJ OPV cell mechanism: 1. photoexcitation to form an exciton, 2. diffusion of the 

exciton to the D/A interface, followed by dissociation, and 3. electron and hole 

transport to the electrodes.15 

 

Traditionally, D is a π-conjugated polymer, while A is usually a fullerene 

derivative like PCBM ([6,6]-phenyl-C61-butyric acid methyl ester), although 

semiconducting oligomers have recently been used with increasing success as donor 

molecules, and even acceptor molecules, in BHJ OPV cells.9 The fabrication of 

solution-processed OPV devices with oligomers as donor material is a relatively new 

approach. In the last five years, the PCE of the best oligomeric OPV has been 

improved from 2% to 12%.4,11 Oligomeric OPVs possess numerous advantages over 
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polymeric OPVs, including more straightforward synthesis and purification, intrinsic 

mono-dispersity and well-defined structures, the absence of end group contaminants, 

high charge carrier mobility, and better batch-to-batch reproducibility. 

Like polymeric donors, oligomeric donors typically follow a strategy of 

alternating covalently bonded electron-rich and electron-poor subunits to lower the 

band gap, Eg. These subunits are termed donors (D) and acceptors (A), not to be 

confused with the active layer donor (D) and acceptor (A); terms and abbreviations will 

be used here interchangeably. Donors have high energy HOMOs, and acceptors have 

low energy LUMOs. The combination of these two orbitals produces a lower HOMO-

LUMO gap (~Eg). This method of donor material design is known as the D-A approach, 

with the principal features of decreasing Eg and enhancing molecular orbital (MO) 

energy tunability while facilitating charge transfer and increasing charge mobility.16 In 

the course of this project, novel donor oligomers are predicted from combinatorial 

libraries of D and A subunits to be matched with one of a fixed set of fullerene 

derivatives, as discussed later. 

 

1.6 Existing theoretical approaches to OPV device design 

In order to develop molecular structure-device property relationships in OPVs, a 

sound understanding of how molecular structure influences the determinants of device 

performance is useful. Changes to molecular structure affect PCE in two ways: through 

intrinsic electronic properties and through morphology-influenced properties. Using 
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current computational approaches to predicting OPV performance, donors with PCEs 

over 10% for libraries of oligomeric or polymeric donors have been predicted. These 

approaches use calculations of intrinsic electronic properties17 (based on the Scharber 

model18) as well as the use of cheminformatics and distributed computing.19 While 

these calculations are fast, they are missing a vital piece of information: morphology, or 

how the molecules come together in the solid state to facilitate electronic processes. 

Computational models have been developed to characterize morphology using Monte 

Carlo and CG methods.20 However, crucial device performance properties such as 

charge separation, recombination, and transport are based on molecular interactions in 

the bulk material, at grain boundaries, and at interfaces with acceptor material. Robust 

simulation with atomic resolution is needed to calculate these values with enough 

accuracy to enable morphology prediction for rational design of novel high-

performance materials. 

Effects of the electronic structure of the donor material on device performance 

(specifically Jsc and Voc) have been extensively studied as described in the previous 

section. For instance, when paired with PCBM, a fullerene derivative commonly used 

as acceptor material, there exists an ideal donor molecule according to the Scharber 

model that possesses an approximate HOMO energy of -5.4 eV, LUMO energy of -3.9 

eV, and band gap of 1.5 eV.18 For calculations of electronic structures of individual 

donor oligomers, robust computational methods exist; this aspect of theoretical 

characterization is well established. These approaches often compute MO energies 
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with QM density functional theory (DFT) and band gaps with time-dependent DFT (TD-

DFT)21 in electronic structure modeling software such as Gaussian,22 ADF,23 Gamess,24 

NWChem,25 and Q-Chem.26 

Material morphology influences charge transport, separation, and 

recombination, which in turn influence the performance factors of PCE, particularly Jsc 

and FF.27 Crystal structures of oligomers used in organic photovoltaics28 and 

transistors29 have been solved experimentally and are being used as tests to help 

validate our approach. Charge transport in inorganic semiconductors proceeds via 

coherent band transport, but charge transport in crystalline organic semiconductors 

may proceed via band transport or incoherent hopping transport.30 Charge transport is 

often expressed in terms of charge mobility. Given a known crystal structure packing 

arrangement, charge mobility for a defect-free lattice can be calculated within the 

hopping transport regime using the Marcus theory of electron transfer to obtain the 

charge transfer rate by solving for the charge reorganization energy,31 charge-transfer 

integrals of nearest-neighbor dimers in the unit cell using the Hamiltonian32 method 

with either semi-empirical or first-principles methods with similar accuracy,33 and 

polarized site energy contributions;34 algorithms have been incorporated by others into 

software to carry out such calculations.23,35 

In disordered organic materials such as thin films, hopping transport 

dominates.36 Hole and electron mobility is dependent on the extent of disorder in the 

bulk donor material and acceptor material, respectively, and charge transfer rates must 
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be calculated for each unique dimer pair in the disordered system. Nelson et al. 

developed a charge dynamics approach, where kinetic Monte Carlo (kMC) time-of-

flight (ToF) simulations of a charge can be used to account for the effect of disorder by 

providing an average mobility, adjusted for the different pathways a charge can take 

through the disordered bulk material.35a Disordered lattices have been simulated by MD 

for a number of systems and mobility has been calculated for these lattices.37 Charge 

mobility in the disordered morphology can be computed by averaging ToF charge 

mobilities over multiple production MD snapshots.38 Subsequently, software packages 

(e.g. ToFeT35a,39 by Nelson and VOTCA by Andrienko) were developed for these 

calculations; notably, VOTCA is undergoing active development at present. A number 

of recent reviews discuss advances in this area in greater detail.40 

Thin-film organic solar cells are typically polysemicrystalline in nature, consisting 

of clusters of randomly oriented crystalline or disordered grains, which are separated 

by grain boundaries. Depending on the fabrication conditions, device performance is 

significantly influenced by the grain size and experiments have shown a correlation 

between the grain size and charge carrier mobility.41 Due to defects associated with the 

presence of grain boundaries, charge carriers become trapped inside grains, limiting 

charge mobility. Simplistic macroscopic models have been developed based on 

charge transport in polycrystalline materials and a linear dependence of hole mobility 

on grain size has been proposed.41a More recently, Carlo and coworkers41b revealed a 

non-linear variation in hole mobility as a function of grain size. In this case, as grain size 
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increases, a steep increase in hole mobility crosses over to converged hole mobility. 

On the atomic scale, classical MD or QM simulations have been performed to account 

for grain boundaries in charge transport in thin film materials. These studies have used 

manual intergrain misorientation42 and Voronoi tessellation43 to mimic polycrystallinity. 

Our models account for grain boundaries in a similar fashion; MD and charge transport 

analyses will be conducted for thin films upon these models. 

The atomic-level interfacial morphology of D/A thin-film heterojunctions affects 

important electronic processes such as charge separation, charge generation, charge 

recombination, and exciton diffusion.44 Brédas et al. found that increasing 

intermolecular distance between donor and acceptor increases the relative charge 

transfer (CT) state energy, which lowers the barrier to charge separation.44a Interfacial 

surface area between donor and acceptor affects the probability of charge generation 

and domain size.45 A higher surface area is associated with greater probability of 

charge generation and a smaller domain size. Smaller domain size is favorable to 

maximize exciton dissociation efficiency; the typical maximum length of exciton 

diffusion is 10 nm.46 

Organic photovoltaic materials are often vulnerable to performance degradation, 

through thermal aggression, ambient air conditions, bending, and other sources. This is 

a point of emphasis for improving the competitiveness of organic solar cells in the 

marketplace; inorganic solar cells can last as long as 30 years with a typical 

performance loss of 10%, whereas organic cells show typical performance loss of 25-
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30% over time and their lifetimes are still uncertain. Aging the device under artificial 

overstress conditions and observing degradation kinetics is often employed for 

accelerated lifetime measurements. Experiments performed by Brabec show an 

Arrhenius-type dependence of degradation rate on temperature;47 that study and 

others48 suggest changes in morphology as a cause for degradation. The changes in 

molecular orientation at grain boundaries are also likely related to device 

degradation.48a Extended-duration MD simulations can be used to assess stability of 

morphologies and the speed of degradation.40b 

 Because morphology is a vital consideration in the performance of OPV devices 

– it is the crucial link between molecular structure and device performance – a 

thorough understanding and application thereof is vital to computationally aided 

rational design of the materials that make up an OPV device.  Chapter 2 discusses the 

development of a novel multiscale approach, and the computational methods behind it, 

that are being used to predict device properties with morphology as a primary 

consideration. 
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Chapter 2. Methodology 

 
2.1 A multiscale simulation approach 

Building upon extensive prior experience in the Houk lab with electronic structure 

calculations and with the use of MD for the study of materials properties1 and enzyme 

dynamics2 to predict stable morphologies, a comprehensive methodology has been 

developed that combines several distinct methods, into a multiscale approach to 

morphology prediction. Here, multiscale refers to an approach that combines simulation 

at three levels of resolution in the material making up an OPV device. In this approach, 

the first level of morphology for a given donor oligomer is the nanomorphology. The 

nanomorphology is defined as the morphology that consists of only packed donor 

oligomer molecules in a disordered lattice to mimic the disordered morphology within 

the bulk material that is present in thin-film OPV devices. Predictions of nanomorphology 

provide good information regarding hole mobility, the measure of charge transport used 

in the approach, in a defect-free thin film, but large defects such as grain boundaries, 

which separate two nanomorphologies in crystals or thin films, can act as charge traps 

which strongly degrade mobility. To assess the impact of these defects on charge 

transport at our second morphological level, bulk morphologies that include grain 

boundaries are modeled. Both the nanocrystal and bulk morphology levels describe 

charge transport in the donor material of OPV devices, but the processes at interfaces 

between the donor and acceptor material strongly influence Jsc and overall device 

efficiency as well. The third level of morphology, the donor/acceptor interfacial 
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morphology, is used to assess additional properties like the charge separation 

processes. At the interface, charge separation rates and charge generation rates 

compete to determine the amount of charge that can be transported through the bulk 

morphology of the donors and acceptors. 

 

2.2 Nanomorphologies 

Building a prediction of the first level, the nanomorphology, involves 1) generating 

a set of low-energy oligomer conformations; 2) generating a set of low-energy model 

cells, which consist of two or more oligomers, based on each low-energy oligomer 

conformation; 3) creating a set of thin-film morphologies by introducing disorder into 

large simulation boxes built from repeating cells, on which structural and charge-

transport properties, such as hole mobility, are calculated for multiple snapshots of each 

morphology, averaging them to give a prediction. Hole mobility is positively correlated 

with Jsc, one of the three factors of PCE, so an accurate prediction of hole mobility 

provides useful information regarding efficiency in the device. Following is a discussion 

in greater detail of the four steps listed above:  

1) Electronic structures and starting geometries of a given oligomer are 

calculated using dispersion-corrected DFT (DFT-D) for structures. Because conjugated 

oligomers are made up of rigid, aromatic subunits, conformational variability is the result 

of rotations about the single bonds connecting the subunits. Energetic minima about a 

dihedral angle of a single bond connecting two planar aromatic units are typically found 
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at one anti conformation and one syn conformation. Using a library containing this 

conformational data (the details and computational costs of which are discussed later in 

this section), potential geometries are generated systematically for each oligomer. For a 

given dihedral, where the energetic difference between the anti and syn conformation is 

less than 1 kcal/mol, corresponding to an approximate ratio of 5:1, both conformations 

are included in the set of potential geometries. Up to 5 lowest-energy geometries are 

optimized for a given oligomer. 

2) A set of reasonable low-energy dimer model cells is generated for each 

low-energy geometry, using DFT-D under periodic boundary conditions (PBC) in a 

systematic fashion, starting at the stacked dimer level. Dimer conformations are 

generated in a scripted stepwise fashion by shifting the translational vector of one 

oligomer relative to the other oligomer beneath it in 1.5 ångström steps along the length 

of the backbone, in 0.5 Å steps along the width of the backbone, and in 0.25 Å steps 

normal to the backbone, and in incremental 10° steps of a rotational vector parallel to 

the backbones of the oligomers. For each conformation, single-point energies are taken, 

generating a 4-dimensional potential energy scan of the three translational vectors and 

the one rotational vector. For the average oligomer dimer, consisting of 100 atoms, 

approximately 10,000 unique dimer single-point energy calculations are performed. Up 

to 100 dimers at local minima of the potential energy surface are optimized, under PBC, 

to result in stable nanocrystals. 
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3) The 10 most energetically stable nanocrystals are grown into disordered 

nanomorphologies with atomistic molecular dynamics (MD) simulations of 6 ns 

equilibration and 20 ns production runs to simulate thin films, using methods described 

previously. Each simulation box contains approximately 2000 molecules and 200,000 

atoms. Ten (10) snapshots are taken, i.e. every 2 ns, per nanocrystal for a total of 100 

snapshots. For each snapshot, charge-transfer rates and hole mobilities are calculated 

using stochastic time-of-flight simulations in VOTCA. As part of the setup for the VOTCA 

simulations, reorganization energies using DFT (once per oligomer), charge-transfer 

integrals (each time) using ZINDO/S, and polarization contributions to site energies using 

DFT (once per oligomer) must be calculated. Resulting values are averaged, first for the 

nanomorphologies of each nanocrystal, and then across the nanomorphologies of all 10 

nanocrystals, to give a prediction of hole mobility in OPV devices made from the given 

oligomer.  

Additional foundational work toward developing accurate model cells using 

crystal structure prediction (CSP) methods, has been undertaken and continues in 

progress to increase the accuracy of the approach for predicting nanomorphologies. 

Peter Bäuerle of the Universität Ulm and co-founder of Heliatek has developed OPV 

devices, each built from one of three nearly identical donor oligomers (Figure 2.1).3 

Despite their similarity in molecular structure, the resulting OPV devices have 

significantly different performance characteristics, making the oligomers an interesting 

target to study. Furthermore, the oligomers were also crystallized and their crystal 
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structures were resolved. While solid-state geometries are different from gas-phase 

calculated geometries, optimizations using the dispersion-corrected B3LYP-D2/6-

31+G(d,p) as implemented in Gaussian09, for example, qualitatively reproduce the 

conformational differences in crystal structure geometries (Figure 2.2). Calculations of 

the geometry of a discotic molecule, NTMTI, an oligomer similar to the discotic oligomers 

that are discussed later in this thesis, found relative accuracy of gas-phase monitors to 

the solid-state crystal structure of NTNMI. 

The above results corroborate other results from the literature that suggest DFT-

D is capable of calculating accurate crystal structure energies.4 Similar results were 

found in the most recent episodes of the series of blind organic CSP tests in 2011.5 

Despite the large number of possible space groups to be considered (230), crystal 

structures of over 90% of small molecules fall into one of only 18 space groups.6 

Additionally, π-conjugated oligomer backbones are fairly rigid. These facts, coupled with 

the need for only approximate crystals that will be input into MD simulations to introduce 

disorder, relax somewhat the difficulty of applying CSP to the approach to morphology 

prediction. The use of semiempirical QM (SQM) methods with empirical hydrogen 

bonding and dispersion corrections, such as PM6-DH27 or PM7,8 is also discussed for 

optimizations of oligomer cells, and may be requisite for optimizations of the 

oligomer:fullerene cells that are discussed later in the section on the interfacial 

morphology level. 
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Figure 2.1. The example set of 3 oligomers, which differ only by the length of side chains 

attached to the backbone: (a) DCV4T, (b) DCV4T-Me, and (c) DCV4T-Et. 

 

 

Figure 2.2. Comparison of oligomer geometries from crystal structures (left) to B3LYP-

D2 calculated structures (right) of (top) DCV4T, (middle) DCV4T-Me, and (bottom) 

DCV4T-Et, labelling degrees of rotation in each of five rotatable backbone dihedrals for 

each oligomer. 
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Progress has been made toward validating the other steps of the bulk morphology 

level. Step 3, thin-film generation and charge transport calculation, has been 

benchmarked in bulk morphologies for a diverse set of conjugated oligomers with 

published experimental characterization data for crystals and thin films.9 Simulation 

duration of 6 ns equilibration and 20 ns production MD is adequate to simulate disorder 

in morphologies of bulk donor material. The MD calculations are run with PBC using the 

AMBER force field10 in NAMD.11 In studies that are published and currently under way, it 

has been found by the Houk group that the AMBER force field to be adequate for our 

MD simulations, but the polarizable force field AMOEBA12 is also being explored to 

assess the importance of using more sophisticated force fields for calculations of highly 

polarizable aromatic systems. Simulation boxes are large, comparable to typical device 

size (100 nm on one side), containing at least 20 x 20 x 20 nm3 molecules; box sizes are 

calibrated on a per-molecule basis. Accelerated MD13 and simulated annealing14 are 

employed to greatly increase sampling efficiency of intermolecular packing 

arrangements and side chain rotamers. Rotations of dihedrals of the conjugated 

backbones may be frozen or restricted by quadratic or linear potentials. MD geometries 

are checked with optimizations of each snapshot using a SQM method such as with 

dispersion and hydrogen bonding corrections to see if better results are produced by 

using a higher level of theory. 

The crystal structures of the oligomers in Figures 2.1 and 2.2 are known, but when 

the crystal structure of an oligomer is not known, steps 1 and 2 must first be performed. 
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For step 1, as mentioned in the outline above, a library of high-accuracy conformational 

preferences of the dihedral angle of the single bond that connects two subunits, or a 

disubunit, in oligomers found in OPV devices, in a manner similar to recent work by 

Wheeler.15 The library, which will be discussed in some greater detail later, contains 

conformational data regarding syn/anti geometric and energetic preferences for every 

unique dimer of subunits. The library is being built concurrently with validation and used 

for automatic rapid generation of conformers when available. An estimated 1,000 dimers 

of subunits will ultimately be optimized for the library. 

The library is used to construct potential conformations of the oligomers, in 

concert with any available published data for similar oligomers. In step 2 of 

nanomorphology prediction, in addition to the calculations described in the outline, 

development of our nanocrystal models is guided by published morphological data for 

similar oligomers and by our collaborators, who for single crystals, perform x-ray 

diffraction (XRD) experiments that resolve the structures of the crystals and for thin films, 

perform grazing incidence x-ray diffraction (GIXRD) experiments that provide data on 

packing planes and distances between them. This portion of the morphology prediction 

requires quantum mechanical accuracy and is computationally demanding. Cost-cutting 

approximate DFT methods like CG, tight-binding, and linear-scaling DFT are being 

explored to increase the speed of the calculations. 
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2.3 Bulk morphologies 

While predictions of nanomorphology provide a good starting point, charge 

transport is strongly influenced by defects like a grain boundary that separates two 

nanomorphologies and as result, degrades mobility by trapping the charge in the 

defects, which are low-energy wells relative to the material around them. The inclusion 

of grain boundaries into merged models of nanomorphologies will allow us to model an 

approximated bulk morphology, and then assess the impact of the defects on charge 

transport properties. The process for computing bulk morphology for a given oligomer 

has been developed to be as follows: 

1) Model development starts at the optimized nanocrystal structures of the 

nanomorphology level. Two or more different nanocrystals, or different orientations of 

the same nanocrystal, are merged into a theoretical polycrystalline lattice, or polycrystal, 

using PackMol16 and an in-house program which overlaps the nanocrystals and then 

deletes oligomers from one of the nanocrystals in the overlapping space where there is 

close contact (within 3 Å) between oligomers, as shown in Figure 2.3. Twenty different 

polycrystals are generated for each oligomer, with starting nanocrystals chosen from the 

nanocrystals that resulted in the nanomorphologies, after MD, with the highest average 

hole mobilities, and five of these will be chosen for the next step. 

2) For each polycrystal, which contains around 5,000 molecules and 500,000 

atoms, 200-300 ns atomistic force-field-based MD is applied to simulate disorder and 

assess structural stability for a total of 20 simulations. For five of the 17 oligomers, 
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longer-duration 200-300 µs parallel-tempering MD simulations are applied to each thin-

film structure to probe likelihood of performance degradation. If necessary, high 

temperature or other means of destabilization is applied to coerce degradation of the 

structures. Twenty replicas of the same system will be distributed across 20 different 

temperature range spanning from sub-room temperature to above melting point. Around 

100-150 snapshots of morphology are generated for both the short-duration MD and 

long-duration MD simulations of each polycrystal. 

3) In a similar manner to step 3 of level 1, hole mobility is calculated using the 

100-150 short-duration MD snapshots from resulting equilibrated structures to 

investigate a) the effect of grain size and grain boundaries on hole mobility and b) 

fluctuations in hole mobility over time. Hole mobility is calculated using the 100-150 long-

duration MD snapshots to investigate how hole mobility may vary over longer periods of 

time and how it may decline with degradation. 
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Figure 2.3. Illustration of the methodology for grain boundary generation and 

incorporation, using a custom VMD script. Nanocrystals are overlaid randomly (left) into 

a polycrystal, overlapping portions are eliminated (middle) to form grain boundaries, and 

edges are shaved to create a smooth simulation box (right). The resulting polycrystalline 

lattice in this example contains around 10,000 molecules of tetracene. 

 

2.4 Interfacial morphologies 

The nanocrystalline and bulk morphology levels describe charge transport in the 

donor material of OPV devices, but the processes at interfaces between the donor and 

acceptor material strongly influence Jsc and overall device efficiency as well. At the 

interface, charge separation rates and charge generation rates compete to determine 

the amount of charge that can be transported through the bulk morphology of the donors 

and acceptors. To study these rates, interactions between the donor molecules and the 

acceptor molecules must be resolved with atomic resolution. Although there are many 

different acceptor molecules that have been reported in the literature, studies in this 
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project are limited to fullerene derivatives, such as PCBM, the most common and 

successful type of acceptor molecule to date. 

Equation 2.1 describes the M-L-J equation for the rate of electronic transfer at a 

donor/acceptor interface. The M-L-J formulation is useful when electronic coupling 

between donor and acceptor is weak, resulting in nonadiabatic electron transfer, and 

this is expected to be the case for the oligomer:fullerene interfaces under study. The 

values of ΔGCR [ = ED
0/EA

0 – ECT ] and ΔGCS [ = ECT – ED
*/EA

0] are Gibbs free-energy 

differences of charge recombination (CR) and charge separation (CS), respectively, 

where A and D refer to acceptor and donor, respectively. ED
0/EA

0 is the energy of the 

neutral donor before and after excitation of the donor calculated by the isolated donor 

and acceptor molecules. ED
* is computed using TD-DFT. VCS is the electronic coupling, 

here between the LUMOs of the donor and acceptor, in the charge separation process. 

 

 

Equation 2.1. The M-L-J formulation of the rate expression, where ket is rate of electron 

transfer; λ is reorganization energy; V is electronic coupling between initial and final 

states; Seff is the effective Huan-Rhys factor; ωeff is the average frequency of quantum 

modes; ΔG is the energy difference between initial and final states; T is temperature; KB 

is the Boltzmann constant; and ħ is the reduced Planck constant. 
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Pentacene and fullerene are archetypal donor and acceptor materials, 

respectively, because of their high mobilities for both charges and excitons.17 Brédas 

and others have performed extensive atomistic MD simulations on interfaces between 

these materials; these have been recently reviewed.18 Many of these studies show that a 

combination of molecular structure, π-stacking, and dynamics lead to small electronic 

coupling among the interfacial D and A electronic states. These advances reveal the 

nature of the pentacene:fullerene interface as one of considerable interpenetration, with 

interfacial disorder that depends on the crystalline face on which the fullerenes are 

deposited.19 Consequently, molecular dynamics simulations of other interfaces including 

squarine-C60
20 and rubrene-PDI21 have been reported. These studies suggest structural 

information about interfaces between other classes of donors and acceptors, and 

underscore an increasingly important role for MD simulations to play in the elucidation 

of bulk and interfacial morphologies.22 

Because fullerenes are roughly spherical in shape, packing arrangements of 

fullerenes are less complicated and varied. However, in solution-processed OPVs, for 

the same donor material, fullerenes have long been known to crystalline into different 

structures depending on the organic solvent used.23 Further, differing the morphology of 

the fullerene material changes its electronic properties.24 Therefore, it is important to 

consider different possible nanomorphologies of the fullerene material in the interfacial 

morphology. A set of 10 possible fullerene nanocrystals will be developed in a manner 

similar to an oligomer, i.e., from monomer to low-energy dimer cells under PBC, using 
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stepwise conformer generation with single-point energy calculation to find minima, 

which will be optimized to reveal the 10 lowest-energy structures. For each fullerene 

derivative, a single monomer optimization is followed by approximately 1000 single-point 

calculations of dimer cells and 50 dimer model cell optimizations. For optimizing the 

model dimers, approximate DFT or SQM methods are employed. 

Resulting from the above procedure are likely low-energy packing arrangements 

of acceptor nanocrystalline morphologies that will be combined with donor 

nanocrystalline morphologies into interfacial morphologies. Each of the 10 fullerene 

nanocrystals are combined with each of the 10 most stable oligomer nanocrystals from 

step 2 of level 1, upon which MD is used to simulate a total of 100 interfacial 

morphologies per oligomer. An outline for the third and final level of morphology that we 

study, the donor/acceptor interface, follows: 

1) For interfaces of donor and acceptor material, similar techniques to those 

in the bulk morphology level are used to create the components of the oligomer:fullerene 

heterojunctions. Nanocrystals and polycrystals are combined with the fullerene 

nanocrystals using in-house software. For a given oligomer, 10 interfaces are generated 

using this methodology and combined with each of the 10 fullerene nanocrystals, for a 

total of 100 interfaces. 

2) For each of the 100 generated interfaces of each oligomer, 200-300 ns 

force-field-based MD is applied to adequately sample phase interpenetration of the 

oligomers and fullerenes. 



! 49!

3) One hundred donor/acceptor pairs are isolated from each interface 

simulation to study, for a total of 10,000 pairs per oligomer. Differences in geometry 

between unoptimized pairs and pairs optimized in the gas phase are explored with 

approximate DFT or SQM. The data obtained from comparing optimized and 

unoptimized donor/acceptor pair dimers is necessary to statistically validate, or 

invalidate, the use of unoptimized dimers to calculate charge separation in the expansive 

interfacial region. QM/MM methods are also considered for the potential to analyze the 

interfacial geometry without the need to isolate each dimer in the gas phase, with the 

QM portion of each simulation containing each donor/acceptor dimer under study. 

Others have used QM/MM studies in a similar way to analyze charge-transfer processes 

in oligomer:oligomer donor/acceptor interfaces.25 

4) Device properties relevant to the interface, charge generation and charge 

recombination rates, are calculated for the resulting structures. For the 10,000 

oligomer:fullerene pairs of an oligomer, the M-L-J equation26 is used to calculate the rate 

of charge transfer at the interface. The M-L-J formulation is appropriate for this project 

because the nuclear relaxation that follows electron transfer involves high frequency, 

intramolecular modes, and quantum vibrational modes are effectively incorporated. 

Calculation of these rates requires the computation of the parameters defined in 

Equation 1 as discussed above. 
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2.5 Iterative device design 

The procedures described in this chapter, once validated, are used to predict the 

performance of novel candidates in devices, as part of an iterative design strategy. After 

computational prediction, molecules are synthesized and characterized experimentally. 

The results of experimental characterization feed into a subsequent round of 

computational prediction. The second round of predicted oligomers are then 

characterized, and so on; an iterative design loop thus proceeds in a computation-

synthesis-characterization fashion. 

A discussion of the criteria for the multiscale, three-level computational prediction 

approach follows. With regard to analyzing nanomorphologies, oligomer candidates 

pass to the next level based on the percentage of snapshots that predict calculated hole 

mobilities greater than 10-2 cm2 V-1 s-1 and electronic structure properties that predict 

efficiency of over 10% as per the Scharber model. Candidates reaching the second level 

undergo similar evaluation of their calculated hole mobilities. Candidates for which the 

introduction of grain boundaries causes average hole mobility to fall below the 10-2 cm2 

V-1 s-1 cutoff are eliminated. Passing candidates are subjected to the parallel-tempering 

degradation study to ensure stability. Finally, the donor/acceptor interfacial 

morphologies of candidates are tested. Interficial morphologies of the oligomer and 

fullerene are ranked from greater to lower rates of charge transfer between 

oligomer:fullerene pairs at the interfaces. Device performance data is also compared to 

existing data for known oligomer thin films. The cutoff values that determine a prediction 
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of success for a given oligomer for each of the above properties are adjusted with 

experience. 

Oligomers predicted to be ideal, high-mobility donors are selected for synthesis, 

morphological analysis, fabrication, and characterization in OPV devices. Results from 

experimental characterization determine whether further modification or optimization is 

warranted. Oligomers that present promising experimental results from the first iteration 

will form the basis of oligomer designs for ensuing iterations. Changes to side chains 

and subunits of these oligomers will be made via four possible operations (substitution, 

addition, deletion, and relocation, of the side chains and subunits) and the morphological 

effects of these changes will be simulated computationally. Changes that are suggested 

by our model to be beneficial will be incorporated into oligomers to be synthesized and 

characterized. Subsequent rounds of iteration will take place in a similar manner, and 

new high-performance oligomeric OPV devices will be created. 

Regarding the experimental and characterization portions of the design 

procedure, respectively the Garg and Yang groups are experts in preparing and 

characterizing the subunits for the motifs that are commonly encountered in OPVs. 

Candidate oligomers are synthesized via site-selective cross-coupling reactions actively 

under development in the Garg lab. For discotic oligomers in particularly, novel 

methodology is required and the Garg lab is developing new aryne and indolyne 

cyclotrimerization techniques based on their previous work.27,28 The Yang group 

fabricates the devices and perform morphology optimization using various techniques 
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of which they are world leaders, such as thermal annealing, solvent annealing, solvent 

selection and additive choice. Advanced microscopy methods like single-crystal XRD 

and GIXRD data provides morphological information of both pristine oligomer and blend 

films for packing model development. Device performance is experimentally measured 

by methods such as photoluminescence (PL) quenching, transient absorption 

spectroscopy (TAS), and charge extraction by linearly increasing voltage (Feedback from 

these experimental results are used to tune candidate oligomers and for improvements 

to our computational methods. 
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Chapter 3. Molecular Structure and Photovoltaic Device Efficiency 

 
3.1 Introduction 

Of crucial importance to rational organic photovoltaic (OPV) cell design is the 

ability to accurate relate features of constituent molecular structure to the performance 

of the resulting OPV device. This is a very difficult multiscale computational problem: it 

involves calculations of properties at the molecular, mesoscale, and device levels. The 

calculated molecular structure of the molecules must be used to calculate packing 

arrangements of a small number of the molecules, which in turn must be used to 

calculate the packing of many molecules incorporating disorder, known as the 

morphology, which is ultimately used to calculate properties like charge transport and 

charge separation in the OPV device. 

Most prior computational work toward rational design of OPVs has attempted to 

bypass this challenging process by calculating device properties directly from 

molecular structure.1 It has long been known that the molecular structure of polymers 

and oligomers can be used to calculate some basic electronic properties of the bulk 

material with quantum mechanics methods, albeit with systematic errors correctable 

by linear fitting. Using a DFT method, the band gap (Eg) of the bulk material can be 

calculated from the first (S1) excitation energy of an individual optimized molecule,2 and 

the ionization potential of the material can be calculated from the negative of the 

HOMO eigenvalue employing Koopmans’ theorem that was derived for Hartree-Fock 

theory.3 Figure 3.1 shows, on the left, a graphical depiction of the relationship between 
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the theoretical and experimental electronic structures. The OPV device is comprised of 

an electron donor material (or donor, show in blue) and an electron acceptor material 

(or acceptor, shown in red). The negative of the ionization potential of the donor (−IPd) 

is related to the HOMO of the donor and the band gap (Eg) of the donor is related to the 

first excited state of the donor. Additionally, the negative of the electron affinity of the 

acceptor (−EAa) is related to the LUMO of the acceptor, although there is no strict 

relationship between these two quantities in DFT theory.  

 

 

 

Figure 3.1. (Left) The electronic structure perspective of an OPV device, showing the 

relationship of the experimental electronic properties to theoretical electronic 

properties, relating the band gap (Eg), ionization potential of the donor (−IPd), and 

electron affinity of the acceptor (−EAa) to the computed S1 excitation energy, HOMO of 

the donor, and LUMO of the acceptor, respectively. (Right) the device performance 

perspective, showing the Scharber-model relationship of the experimental electronic 

properties to device properties in an OPV device, relating short-circuit current density 
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(Jsc) to the band gap of the donor, and open-circuit voltage (Voc) to the difference 

between the ionization potential of the donor and the electron affinity of the acceptor. 

Fill factor (FF) is assumed to be a constant. 

 

 The three quantities described above are the components of a model developed 

by Scharber et al. to calculate the factors of power conversion efficiency (PCE) in bulk 

heterojunction (BHJ) OPV cells.4 PCE is a measure of the percentage of incident light 

upon the device that is converted into usable electricity in a circuit (Pout/Pin); it is the 

product of three factors: short-circuit current density (Jsc), open-circuit voltage (Voc), 

and fill factor (FF), divided by the power of the incident light (Pin) (Equation 3.1). On the 

right of Figure 3.1 is a graphical depiction of the Scharber model relationship between 

the experimental electronic structure and two of the three factors of PCE, Jsc and Voc; 

FF is assumed to be constant, 0.65 (see Equation 3.4). 

 

PCE = Pout/Pin = Jsc × Voc × FF / Pin  (3.1) 

Jsc = EQE × q × ∫Φ(eV)deV    (3.2) 

Voc = 1/q × (IPd − EAa) − 0.3V   (3.3) 

FF = 0.65      (3.4) 

 

 Per the Scharber model, for a given donor-acceptor BHJ OPV device, Jsc is 

inversely proportional to the optical excitation energy (Eg) of the donor (Figure 3.1, 
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right); as the band gap, or energy required to excite the electron, of the material 

increases, the number of photons that carry the requisite energy decreases. Jsc is 

calculated (Equation 3.2) by multiplying external quantum efficiency (assumed to be 

0.65) by the elementary charge, q, of an electron by the integration of quantum flux, Φ, 

or perceived power, of light over the range, from 0 to infinity, of possible band gaps (in 

eV). Figure 3.2, left, shows a plot of this function with Eg on the x-axis and Jsc on the y-

axis. 

 

 

Figure 3.2. Plots showing, according to the Scharber model, (left) how Jsc changes with 

band gap of the donor and (right) how Voc changes with ionization potential of the 

donor. 

   

 In the Scharber model, Voc is proportional to the difference between the 

ionization potential of the donor (IPd) and the electron affinity of the acceptor (EAa) 

(Figure 3.1, right). Voc is calculated dividing this difference, in eV, by q, to convert units 
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to volts, V, and then subtracting 0.3V, which is assumed to be an unavoidable 

empirical loss in voltage during operation (Equation 3.3). Because in our work, and in 

general, the acceptor material is fixed as the fullerene derivative PC60BM or PC70BM, 

the electron affinity of the acceptor is a constant (4.0 eV). In Figure 3.2, on the right, a 

plot of this equation that assumes PCBM as the acceptor with −IPd, or HOMOd, on the 

x-axis and Voc on the y-axis, is shown. 

Several past benchmarking studies have shown that solid state properties can 

be accurately calculated, after linear fitting, from single-molecule calculations of gas-

phase polymers,5 and of gas-phase oligomers,6b and of oligomers self-solvated to 

simulate a solid-state environment,6c-e using the polarizable continuum model (PCM).7 

The above studies were performed with the DFT functional B3LYP, but it has also been 

shown that a lower-level theory, semi-empirical quantum mechanics, provides similar 

accuracy.8 

In the last few years, inadequacies in the Scharber model have become 

apparent. In a series of articles, Ratner et al. eloquently describes some flaws9 and 

misconceptions10 with contemporary rational design, and suggests new approaches to 

modeling OPVs.11 Yet, due to its simplicity and straightforwardness, major projects 

have been initiated using the Scharber model approach to screen high-performance 

candidate polymers and oligomers. Notably, Harvard’s Clean Energy Project, led by 

Alán Aspuru-Guzik, used a DFT-based Scharber model approach in combination with 

machine learning techniques as first screening steps to search a space of over 2 
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million oligomers.12 Due to the computationally intensive nature of DFT calculations, 

others have pursued lower cost methods. In a large screening study,8 Hutchison found 

that PM613 calculates band gaps and energy levels extrapolated to the solid state with 

similar accuracy at a much lower computational cost. 

 

3.2 Testing a new method for accuracy 

Building upon the benchmarking work described above, we investigated the 

accuracy of a recent semi-empirical method parameterized for dispersion effects, 

PM7,14 with regard to calculation of the first excitation energy and frontier orbital 

energy levels, and then for accuracy in calculating device PCE using the Scharber 

model, for molecules similar to the sets of linear and discotic oligomers described in 

Chapters 1 and 2, of which there are thousands. ZINDO/S, another semi-empirical 

method, has been shown to calculate accurate excitation energies for disordered 

organic materials;15 it was used to calculate the excitation energy for each oligomer 

based on the PM7-optimized geometry of the oligomer. If successful, this method 

could be used as a tool to screen and narrow the large sets to a small range of high-

performing candidate oligomers that would be subjected to higher-level theoretical 

assessment, including crystal structure prediction, morphology prediction, and charge 

transport analysis. 

Figure 3.3 shows the 20 conjugated organic molecules that make up the training 

set to test whether PM7 HOMO energies and ZINDO/S excitation energies could be 
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linearly fit to experimental IP (from solid state ultraviolet photoelectron spectroscopy 

(UPS)) and Eg (from optical absorption spectroscopy) sourced from the literature. The 

training set consists of a range of molecules that are similar to molecules found in OPV 

devices, including both typical donor and typical acceptor molecules. 

 

 

Figure 3.3. The training set of 20 molecules used to fit PM7 HOMO energies and 

ZINDO/S excitation energies to corresponding experimental data from the literature. 
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 The molecules were constructed in Gaussview 516 and optimized in the gas 

phase with PM7 using MOPAC2012.17 HOMO energies were extracted from the 

MOPAC2012 output and excitation energies were calculated in Gaussian 0918 and 

extracted from its output. After the HOMO energy and excitation energy for each 

molecule in the training set were calculated, each of these quantities were fit to the 

corresponding experimental literature values (see Table 3.1 for all computational and 

theoretical data). Experimental values were sourced from references 6a-d. 

 The results of the training set fitting, along with the correlation coefficient, r2, are 

shown below in the plots of Figure 3.4. On the left, the negative of the HOMO 

eigenvalue from PM7 is plotted against the IP from UPS measurements, with a good 

linear correlation coefficient of 0.86. On the right, the first excitation energy from 

ZINDO/S is plotted against Eg from optical absorption measurements, against with 

good correlation (0.88). These r2 values are in line with the r2 values of linear fitting 

using B3LYP-calculated quantities in the studies referenced above in the previous 

section. The above results indicate that PM7 is an accurate and fast method for 

calculating electronic properties of the bulk material from a single molecule in the gas-

phase. 
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Table 3.1. HOMO energy calculated with PM7, ionization energy derived from solid 

state ultraviolet photoelectron spectroscopy, first vertical excitation energy calculated 

with ZINDO/S, and band gap from solid state optical absorption spectroscopy (all in 

eV). Experimental values were sourced from refs. 6a-d. 

Molecule −HOMO (eV) IP (eV) Vertical S1 (eV) Eg (eV)

1 benzene 9.82 7.58 4.73 4.68
2 naphthalene 8.95 6.40 4.01 4.00
3 anthracene 8.39 5.70 3.41 3.25
4 tetracene 8.03 5.10 2.86 2.51
5 pentacene 7.78 4.85 2.49 2.06
6 perylene 8.10 5.20 3.04 2.83
7 coronene 8.35 5.52 3.10 2.90
8 CBP 8.19 6.10 3.82 3.46
9 TCNQ 10.19 7.70 2.98 3.10
10 F4-TCNQ 10.51 8.34 2.91 2.94
11 TNAP 9.56 7.10 2.51 2.62
12 NPD 7.86 5.30 3.66 3.12
13 BCP 8.80 6.50 3.67 3.43
14 Silole-PH6 8.94 6.19 3.88 2.97
15 NTCDA 10.82 7.97 3.67 3.54
16 PTCDA 9.59 6.95 2.75 2.20
17 Ph-PTCDI 9.21 6.60 2.72 2.35
18 hexathiophene 8.61 5.30 2.81 2.43
19 C60 9.66 6.17 2.25 1.95
20 PC60BM 9.27 5.90 2.20 1.75
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Figure 3.4. From the 20 molecules from the training set, the calculated results (on the 

x-axis) are linearly fit to experimental values from the literature (on the y-axis), along 

with the corresponding r2 value. On the left, −HOMO from PM7 is plotted against UPS-

measured IP, and on the right, S1 excitation energy is plotted against optical 

absorption-measured Eg, both with good linear correlation coefficients (0.86 and 0.88). 

 

 From these plots linear equations are derived between ionization potential and 

HOMO energy (Equation 3.5) and between band gap and excitation energy (Equation 

3.6), which can be used to calculate IP and Eg for any molecule given the PM7 and 

ZINDO/S output. It is interesting to note that the slopes of these equations are close to 

1, indicating that the theoretical and experimental quantities are nearly proportional, 

and that a simple shift of the theoretical values corrects the majority of the 

discrepancy. 
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IP = 1.060 × [−HOMO (PM7)] − 3.252  (3.5) 

Eg = 1.018 × [S1 (ZINDO/S)] − 0.326  (3.6) 

  

 After showing that single-molecule electronic structural properties can be 

computed from semi-empirical theory, a new training set was created to test how the 

individual factors of PCE correlate to PCE. Ratner et al. recently performed this 

analysis for polymeric donors of OPVs, finding excellent correlation between Jsc and 

PCE, good correlation between FF and PCE, and poor correlation between Voc and 

PCE, but noting that previous work had found good correlation between Voc and PCE.19 

We analyzed a set of oligomeric OPV donors to see how correlations between PCE and 

the factors of PCE of oligomer-based OPVs would compare to those of polymer-based 

OPVs. Figure 3.5 shows the training set of 45 oligomers used for the evaluation, which 

were chosen because of their similarity to the linear and discotic oligomers that will be 

synthesized and tested as described in Chapters 1 and 2. Sourced from the literature, 

Table 3.2 contains experimentally derived device properties (Jsc, Voc, FF, and PCE) and 

the corresponding Scharber-calculated device properties. Jsc and Voc are calculated 

from the experimental electronic properties, Eg and IP, respectively, of the molecules 

from solid state measurements, and FF is a constant 0.65 for each molecule. 
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Figure 3.5. The training set of 45 oligomers, with published Jsc, Voc, FF, and PCE data, 

and used to correlate the three factors to PCE. 
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Table 3.2. Experimental and Scharber-calculated device properties for the training set. 

Experimentally derived 
device properties

Scharber-calculated 
device properties

Experimental 
electronic 
properties

Molecule Jsc Voc FF PCE Jsc Voc FF PCE Eg IP

1 SMPV1 12.17 0.94 0.70 8.02 8.19 1.10 0.65 5.86 1.77 5.50
2 bis[TPA-diTh]-BT 7.65 0.81 0.38 2.38 7.10 0.65 0.65 3.00 1.85 5.05
3 bis[TPA-diTh]-MonoF-BT 8.51 0.85 0.41 2.95 7.10 0.67 0.65 3.09 1.85 5.07
4 bis[TPA-diTh]-DiF-BT 8.03 0.81 0.42 2.74 7.10 0.69 0.65 3.18 1.85 5.09
5 APPM 2.33 0.80 0.35 0.65 6.99 0.64 0.65 2.91 1.86 5.04
6 AAPM 2.89 0.90 0.36 0.94 5.28 0.72 0.65 2.47 2.01 5.12
7 ATPM 3.85 1.00 0.34 1.31 6.01 0.85 0.65 3.32 1.94 5.25
8 TBNBT 6.18 0.95 0.37 2.20 5.80 0.94 0.65 3.54 1.96 5.34
9 BNB 3.79 0.93 0.28 0.98 3.97 0.76 0.65 1.96 2.16 5.16
10 M1 4.63 0.97 0.29 1.30 3.55 0.87 0.65 2.01 2.22 5.27
11 M2 6.49 0.94 0.39 2.39 3.33 0.92 0.65 1.99 2.25 5.32
12 NDT(TTz)2 5.10 0.75 0.38 1.44 5.38 0.83 0.65 2.90 2.00 5.23
13 BDCTBT 11.20 1.04 0.33 3.85 4.89 0.92 0.65 2.92 2.05 5.32
14 BDETBT 6.33 0.94 0.33 1.99 5.38 0.85 0.65 2.97 2.00 5.25
15 YL1 3.42 0.71 0.30 0.73 1.70 1.02 0.65 1.13 2.58 5.42
16 YL2 4.69 0.81 0.34 1.27 3.60 0.84 0.65 1.97 2.21 5.24
17 YL3 7.72 0.84 0.40 2.61 5.09 0.82 0.65 2.71 2.03 5.22
18 YL4 6.90 0.86 0.40 2.35 3.38 0.94 0.65 2.07 2.24 5.34
19 YL5 7.70 0.91 0.47 3.31 3.88 0.92 0.65 2.32 2.17 5.32
20 YL6 6.90 0.89 0.44 2.69 3.97 0.86 0.65 2.22 2.16 5.26
211 T0 6.08 0.86 0.42 2.19 1.80 0.91 0.65 1.06 2.55 5.31
22 T1 9.38 0.90 0.43 3.73 2.96 0.90 0.65 1.73 2.31 5.30
23 T2 9.74 0.85 0.47 4.05 4.35 0.88 0.65 2.49 2.11 5.28
24 S(TPA-BT-HTT) 9.51 0.87 0.52 4.30 6.50 0.88 0.65 3.72 1.90 5.28
25 S(TPA-3T-CA) 7.30 0.88 0.56 3.60 5.90 0.88 0.65 3.37 1.95 5.28
26 DCAE7T 9.94 0.88 0.51 4.46 8.84 0.69 0.65 3.96 1.73 5.09
27 DCAO7T 10.74 0.86 0.55 5.08 8.69 0.73 0.65 4.12 1.74 5.13
28 DCAEH7T 9.91 0.93 0.49 4.52 8.50 0.70 0.65 3.87 1.75 5.10
29 DERHD7T 13.98 0.92 0.47 6.10 9.38 0.81 0.65 4.94 1.69 5.21
30 DCAO3TBDT 8.00 0.95 0.60 4.56 7.25 0.64 0.65 3.02 1.84 5.04
31 DR3TBDT 12.21 0.93 0.65 7.38 8.69 0.62 0.65 3.50 1.74 5.02
32 (TDPP)2 7.40 0.84 0.37 2.31 12.80 0.79 0.65 6.57 1.51 5.19
33 T(TDPP)2 4.30 0.80 0.43 1.49 12.80 0.77 0.65 6.41 1.51 5.17
34 Ph(TDPP)2 9.09 0.93 0.47 4.01 9.94 0.91 0.65 5.88 1.66 5.31
35 DPPT 5.59 0.78 0.44 1.90 9.58 0.66 0.65 4.11 1.68 5.06
36 DPPSe 5.81 0.86 0.46 2.33 9.94 0.61 0.65 3.94 1.66 5.01
37 DPPTT 5.74 0.78 0.38 1.70 11.14 0.58 0.65 4.20 1.59 4.98
38 GW6 10.90 0.70 0.42 3.20 12.80 0.76 0.65 6.32 1.51 5.16
39 DTS(PTTh2)2 14.40 0.78 0.59 6.70 13.02 0.80 0.65 6.77 1.50 5.20
40 KT1 6.90 0.91 0.36 2.20 2.10 0.81 0.65 1.11 2.48 5.21
41 KT2 8.80 0.83 0.36 2.60 2.66 0.67 0.65 1.16 2.36 5.07
42 KT1 3.21 1.04 0.33 1.10 3.66 0.94 0.65 2.24 2.20 5.34
43 KT2 2.87 1.15 0.29 1.00 3.66 1.04 0.65 2.47 2.20 5.44
44 KT3 5.53 1.11 0.38 2.30 4.20 0.87 0.65 2.38 2.13 5.27
45 KT4 8.42 1.08 0.41 3.70 4.11 0.84 0.65 2.24 2.14 5.24
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 Using experimental data from the literature (see Table 3.2), the experimental  

Each of the three factors of PCE was plotted vs. PCE. The results of the correlation 

analysis are shown in Figure 3.6. Jsc (on the left with data points in red), Voc (in the 

middle with data points in blue), and FF (on the right with data points in green) are 

plotted on the x-axis with PCE on the y-axis. The results for the oligomer training set 

are qualitatively similar to the polymer results obtained by Ratner.18 Both Jsc and FF 

show strong linear correlations with PCE; there is no correlation of Voc with PCE, but 

the plot of Voc vs. PCE does suggest that Voc converges to an optimal zone around 0.9 

to 1.0 V that maximizes PCE. 

 

 

 

Figure 3.6. Comparisons of the experimental data for the three factors of PCE, short-

circuit current density (Jsc), open-circuit voltage (Voc), and fill factor (FF), respectively, to 

the experimental PCE for a set of oligomers from the data in Table 3.2, demonstrating 

the strong correlation between both Jsc and Voc and PCE, and the weak correlation 

between FF and PCE. 
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!

! Two of the three relationships required for a direct relationship between 

molecular structure and PCE (single molecule to bulk electronic properties and 

individual factors of PCE to PCE) have been discussed; the remaining relationship, bulk 

properties to the factors of PCE is presented in Figure 3.7. On the left of the figure is 

shown the product of the three Scharber-calculated factors, the Scharber PCE, plotted 

against the experimentally derived PCE. In the middle and right plots are the individual 

Scharber-calculated factors, Jsc and Voc, respectively, plotted against experimental 

counterparts (because the Scharber FF is a constant 0.65, it was not plotted here). 

Unfortunately, the Scharber model clearly and completely breaks down for the 

oligomer training set as it did for Ratner's polymer training set.18 Each of the three plots 

show almost no correlation between the calculated and experimental quantities. From 

these plots, it is clear that the Scharber model has no predictive value for oligomers, 

nor for polymers. 
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Figure 3.7. Comparison of Scharber-calculated PCE, Jsc, and Voc to experimental PCE, 

Jsc, and Voc, respectively, using the data for the set of 45 oligomers in Table 3.2. 

Experimental band gaps and ionization potentials from the literature were used for the 

Scharber model calculations of Jsc and Voc, respectively. 

 

3.3 Detailed analysis of SMPV1 
 

 The failure of the Scharber model to provide any meaningful accuracy in the 

calculation of PCE from electronic structure properties is disturbing, as it is still widely 

used for rational design of OPV materials. To better understand the source of the 

failure, a closer look was taken of one of the oligomers, SMPV1,20 from the training set. 
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Figure 3.8. The molecular structure of the OPV donor oligomer SMPV1.20 

 

 SMPV1 is an oligomer developed and characterized by the research group of 

Yang Yang, an ongoing collaborator of the Houk group. Notably, when paired with the 

acceptor fullerene PC71BM and the additive PDMS, SMPV1 achieves a PCE of over 8% 

in a single-junction BHJ cell and over 10% in a tandem cell. In a pure SMPV1: PC71BM 

mixture without PDMS, the resulting cell reached a PCE of 7.2% (in the first data row 

of Table 3.3), with a Jsc, Voc, and FF of 11.4 mA cm-2, 0.93 V, and 0.68, respectively. 

The experimental band gap and ionization potential were measured to be 1.77 eV and 

5.5 eV, respectively.  
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Table 3.3. In the first row of data, experimental20 electronic property and spectroscopic 

data for SMPV1 is presented. The second and third data rows contain computational 

electronic property and spectroscopic data, calculated with PM7 (optical band gaps 

calculated with ZINDO/S), for unrestrained and fixed planar backbones of SMPV1, 

respectively. 

 

 Using the method described earlier in this chapter, PM7 was used to optimize 

the geometry and calculate the HOMO energy (−8.07 eV) of SMPV1, and ZINDO/S was 

used on the optimized geometry to calculate excitation energy (2.55 eV). Using 

Equations 3.5 and 3.6, respectively, the HOMO energy and excitation energy were 

converted into the calculated ionization potential (5.3 eV) and band gap (2.27 eV) of 

SMPV1 (the second data row of Table 3.3). The calculated ionization potential was, as 

expected, close to the experimental value, but the calculated band gap significantly 

differed from the value derived from optical absorption spectroscopy; the reasons for 

this will be discussed in the next paragraph. The Scharber model was then used to 

theoretically calculate Jsc to be 3.16 mA cm-2 and Voc to be 0.98 V, resulting in a 

Method Eg (eV) Jsc (mA/cm2) IP (eV) Voc (V) PCE (%)

Experiment 1.77 11.4 5.5 0.93 7.2

Gas-phase calculation 2.27 3.16 5.3 0.98 1.9

Gas-phase calculation  
(with fixed planairty) 1.79 7.93 5.3 0.98 5.1
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calculated PCE of 1.9%. While the calculated Voc was reasonably close to the 

experimental measurement by coincidence, the calculated Jsc value fell far short of the 

11.4 mA cm-2 obtained experimentally. 

 Because the band gap was expected to be calculated accurately, it is important 

to understand why it was overestimated by the calculation. It is well known that in the 

solid state, intermolecular forces cause conjugated molecules to flatten, or tend toward 

planarization, in order to more efficiency pack, minimizing energy, in a lattice. Visual 

inspection of SMPV1 showed that in the gas-phase optimized geometry, likely due to 

the relatively large number of single bonds connecting the backbone of SMPV1 along 

with the long alkyl chains attached to it. A conformational search of SMPV1 was 

conducted using the OPLS-2001 force field21 in Schrödinger Macromodel.22 The 20 

lowest-energy conformers from the search were optimized in the gas phase using 

Gaussian 09 with the ωB97XD23 DFT functional and a 6-31+G(d) basis set, as ωB97XD 

is known to accurately calculate geometries and properties of extended conjugated 

systems.24 Figure 3.9 shows an overlay of the 20 lowest-energy conformers after DFT 

optimization, with the central benzodithiophene subunits from each conformer  

superimposed to show the disorder in the conformations of the surrounding subunits, 

which are connected by single bonds, and in the alkyl side chains that are connected 

to the subunits. In conjugated organic molecules, the excitation energy in the gas 

phase, and band gap in the solid phase, are inversely related to the conjugation length. 
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Because nonplanarity disrupts conjugation by reducing π-orbital overlap, this disorder 

results in an increased band gap.  

 

Figure 3.9. Overlay of the 20 lowest-energy gas-phase conformations of SMPV1, as 

calculated by ωB97XD/6-31+G(d). The coordinates of the central subunit of the 

conformers are superimposed to illustrate the extensive flexibility in both the backbone 

and alkyl side chains of the oligomer, leading to nonplanarity that results in an 

overestimated solid-state band gap. 

 

 To better match what is known about the packing of conjugated oligomers in 

the solid state from studying experimentally resolved crystal structures in the literature, 

the molecular structure of SMPV1 was corrected at a first approximation by fixing 
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planarity in the backbone. Reoptimizing the oligomer after this adjustment produces 

the numbers in the third data row of Table 3.3. The ionization potential, and thus the 

Voc, are unaffected by the change, but the band gap significantly drops to 1.79 eV, 

resulting in a Scharber-calculated Jsc of 7.93 mA cm-2, and a PCE of 5.1%. While the 

PCE calculated using the geometry of SMPV1 with a fixed rigid backbone is much 

closer to the actual PCE, this result matches the observation described in Figure 3.7 

that even with an accurately calculated band gap, the Scharber model fails to calculate 

a reasonable Jsc. 

 

3.4 Discussion and moving forward 

The results and discussion in this chapter up to this point have alluded to a 

missing component that was discussed in earlier chapters: morphology. Predictions of 

PCE, from a starting point of molecular structure, cannot be expected to achieve any 

meaningful degree without incorporating the effects of morphology. A recent article 

introduces modifications to the Scharber model that include simple descriptors, 

including one for the morphological factor of diffusion length, and the new model 

appears to calculate PCE from molecular structure with a significantly greater degree 

of accuracy than the Scharber model.25 

Ultimately, however, more accurate calculations of PCE will necessarily explicitly 

include morphology. The importance of the molecular details of morphology is clear.26 

Small changes in molecular structure can induce large changes in morphology,27 and 
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features like C-H···O and C-H···N hydrogen bonds are disproportionally influential.28 

Morphology then influences factors of Jsc and FF like charge mobility,29 exciton 

diffusion,30 and interface dynamics.31 Recently, Voc was also shown to depend on long-

range electrostatic interactions determined by packing at the donor-acceptor 

interface.32 

Recent work performed in the Houk lab has shown that hole mobility can be 

accurately calculated given an accurate crystalline or thin-film morphology,33 and 

others are developing similar models for other charge separation and charge transport 

processes; however, to make these models useful for rational design, accurate 

prediction of morphology is required. While this has historically been a very difficult 

problem, due to the issues of searching the massive space of potential structures and 

then accurately ranking their energies, recent advances in computational power and 

computational techniques have made CSP increasingly accessible.34 In the Houk lab, 

calculations of the morphology of SMPV1 conducted by colleagues using molecular 

dynamics methods and of crystals of small conjugated organic molecules using 

evolutionary crystal structure prediction methods35 are showing promise. Moving 

forward, the different pieces of the multiscale problem of predicting device properties 

starting from molecular structure are beginning to come together. 
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Chapter 4. Explaining the Influence of Side Chains on Intermolecular 
Interactions in Cyclopentadithiophene- and Silacyclopentadithiophene-
based Polymers 
 

4.1 Introduction 

As a solution to the global energy crisis, solar energy conversion has the 

potential to tap into the 122 petawatts of power received by the Earth from the Sun, an 

amount that is over 9000 times current world consumption.1 The field is growing, and 

many technologies are emerging to convert sunlight into electricity. One promising 

technology is organic photovoltaics (OPV), or organic solar cells, for its merits of low 

cost and easy processing.2,3 The significant boost of power conversion efficiency (PCE) 

in organic solar cell in the past five years (from 4.4%4 to over 8%5) is not only 

encouraging, but has also pushed OPV one step closer to its theoretical limit.6 The 

rapid increase in the PCE of organic solar cells is attributed to a better design of 

molecular structure. It is thus important to have a firm understanding of the electronic 

and structural bases for the properties of the materials of which they are made. In this 

paper, a computational approach to the development of models aimed at improving 

the understanding of conductive polymers, the chief building blocks of organic 

photovoltaics, is explored. The side chain effects of two polymer systems with nearly 

identical molecular structures were evaluated using molecular mechanical and 

quantum mechanical techniques to explain the differential photovoltaic properties of 

the polymers. 
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Poly{[4,4-bis(2-ethylhexyl)-cyclopenta-(2,1-b;3,4-b’)dithiophene]-2,6-diyl-alt- 

(2,1,3-benzothiadiazole)-4,7-diyl}, known as PCPDTBT (Figure 4.1, left), was first 

studied several years ago as a low band gap donor material for use in organic solar cell 

devices.7 The PCE of PCPDTBT has been measured at 3.2% without the aid of 

additives.8 More recently, a derivative of this polymer, poly{[4,40-bis(2-

ethylhexyl)dithieno(3,2-b;20,30-d)silole]-2,6-diyl-alt-(2,1,3-benzothidiazole)-4,7-diyl, 

known as PSBTBT (Figure 4.1, right), was synthesized as a donor material.9 Each of 

these two polymers has two ethylhexyl groups as side chains. PSBTBT differs from 

PCPDTBT only by the replacement of carbon with silicon at the side-chain-substituted 

position in each monomeric unit. Because of this minor alteration, PCE is significantly 

affected: PSBTBT achieves a PCE of 5.6%,10 an 80% increase in output over 

PCPDTBT. While silole-containing polymers often present changed properties from 

their cyclopentadiene-containing analogues – namely, the features and energies of 

their molecular orbitals – the observed improvement was outside of the scope of these 

properties and therefore unexpected. An experimental paper aided by theoretical 

calculations was published by our groups,10 elucidating the cause of the unexpected 

efficiency improvement in PSBTBT as enhanced interchain packing. 
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Figure 4.1. Molecular structures of (left) PCPDTBT and (right) PSBTBT. 

 

We have investigated the effects of the side chains of PCPDTBT and PSBTBT 

on interchain packing by using more advanced methods and with additional 

computational techniques. New insights into the origins of the PCE difference are 

reported in this work. Density functional theory (DFT)11 is used to investigate the 

packing geometries of PCPDTBT and PSBTBT. It has become apparent that a major 

failing of DFT is the omission of dispersion energy,12 affecting the results obtained by 

the density functionals, particularly B3LYP,13 used for geometry optimizations in the 

theoretical component of the previous paper. B3LYP-D314 and M06-2X15 are two 

methods that better account for dispersion energy. In an attempt to take dispersion 

energy into account to better understand the system, the backbone geometries of the 

two dimers have been reinvestigated with the more advanced functional M06-2X. The 

focus of this paper, however, is on the role of the side chains in determining packing 

affinities of the polymers, by studying the influence of the side chain conformations 
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upon the packing geometries of dimers and trimers of the polymers, and by introducing 

a computational strategy for the optimization of side chains in OPV devices. 

 

4.2 Computational methods 

Side chains of monomeric models were varied in length from minimal (methyl 

groups) to full-length (ethylhexyl groups). For models with side chains larger than 

methyl groups, conformational searches were performed before running quantum 

mechanical calculations in order to sample a wide range of side chain conformations at 

a reduced computational cost. These calculations were performed in chloroform using 

the OPLS-2001 force field within Schrödinger Macromodel.16 Upon completion of the 

conformational searches, the lowest energy conformers were used as the starting 

geometries for quantum mechanical calculations using DFT. Geometries and 

vibrational frequencies were calculated for the ground states at the M06-2X/6-31G(d) 

level of theory. Relative energies referenced in this paper are thermal energies, 

corrected for zero-point energies. In order to estimate band gap energies, electronic 

excitation energies were calculated via single point time-dependent density functional 

theory (TD-DFT)17 calculations at the TD-M06-2X/6-31G(d) level. All quantum 

mechanical calculations were performed using Gaussian 09.18 
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4.3 Results and Discussion 

In the experimental report,10 grazing incidence diffraction (GIXD) experiments 

showed that PSBTBT achieves an ordered, semi-crystalline stacking state whereas 

PCPDTBT remains amorphous. In the same paper, theoretical calculations were 

undertaken to supplement the experimental observations. Those calculations were 

performed on the dimeric models using B3LYP/6-31G(d) and M05-2X/6-31G(d), with 

side chains truncated to methyl groups to reduce cost. A difference in the stacking 

geometries of the two dimers was found, along with a difference in binding affinity in 

favor of PSBTBT, and was determined to be the source of the enhanced interchain 

packing. Due to the striking differences in electronic properties between the two 

systems, PCPDTBT and PSDBTBT continue to be the subject of experimental studies 

to explain the differences, several of which have found enhanced charge transport 

properties in PSBTBT due to morphological differences.19 Recent theoretical work by 

Nelson20 found thermodynamic and kinetic driving forces for the enhanced packing of 

PSBTBT. An ab initio quantum mechanics method, MP2,21 was used to find that in 

PSBTBT, lower thermodynamic barriers for rotation about the dihedral connecting the 

side chains to the bridge atom lead to greater flexibility of side chains. Force-field-

based molecular dynamics performed on packed tetramers of each system found that 

the enhanced flexibility of side chains in PSBTBT resulted in favorable kinetics for the 

packing dynamics. 
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Our new calculations account for dispersion energy by using M06-2X/6-31G(d), 

and show that the methyl-truncated dimers of both PCPDTBT (Figure 4.2, left) and 

PSBTBT (Figure 4.2, right) stack in a parallel (head-to-tail) fashion with binding 

energies of -19.1 and -20.5 kcal mol-1, respectively, for a difference of 1.4.  This 

difference is  smaller than the previously reported number of 3.5 kcal mol-1,10 but in the 

same direction.  In the parallel fashion, one donor unit (sila/cyclopentadithiophene) π-π 

stacks on the other donor unit, and similarly, one acceptor unit (benzothiadiazole) π-π 

stacks on the other acceptor. The interplanar distances in the Si dimer are smaller that 

in the C analog because there is less steric hindrance to approach of the SiMe2 group 

due to the longer C-Si bond lengths, as described earlier.10 This is especially 

pronounced by the 0.3A difference at the right-hand side of the dimer. The distances to 

Si are of course larger than to the C because of the lateral displacement of Si due to 

the longer Si-C bond lengths.  

The structures were also calculated in an antiparallel (head-to-head) fashion, 

where the units would stack donor to acceptor, presumably maximizing charge transfer 

and lowering the energy of the complex. However, antiparallel PCPDTBT binds at -14.6 

kcal mol-1 and antiparallel PSBTBT binds at -16.6 kcal mol-1, approximately 4-5 kcal 

mol-1 worse than their parallel analogs. This binding mode is inferior due to steric 

clashes between the methyl side chain of the donor and benzo ring of the acceptor, 

and would be expected to worsen as the chain length increases. 
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Figure 4.2. (Left) PCPDTBT(C) and (right) PSBTBT(Si) are both calculated to stack in a 

similar fashion using M06-2X/6-31G(d), but the average interplanar distances are 

smaller in the Si case.  

 

 We also revisited the electronic properties of the monomers of the two polymers 

to determine if they influence the packing differences. To this end, we have calculated 

frontier molecular orbitals (FMOs) with M06-2X. In the original paper, the FMOs of the 

two polymers were found to be essentially identical. Figure 4.3 shows that the M06-

2X-calculated FMOs are identical. Also, electronic excitation energies (band gaps) were 

calculated with TD-M06-2X/6-31G(d). Like the TD-B3LYP-calculated band gaps from 

the previous work, the TD-M06-2X-calculated monomer band gaps are nearly identical 

(3.03 eV for PCPDTBT and 3.09 eV for PSBTBT). 
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Figure 4.3. (Top left) LUMO and (bottom left) HOMO of PCPDTBT and (top right) LUMO 

and (bottom right) HOMO of PSBTBT, calculated with M06-2X, showing similar 

electronic structures. 

 

 Because there is little difference in the electronics and geometries of the methyl-

truncated dimers, these dimeric models are inadequate to describe the difference in 

interchain packing of the polymers, specifically the amorphous nature of PCPDTBT and 

crystalline nature of PSBTBT. Steric effects of the side chains, then, must be the 

source of the difference in packing, and we have explored this by extending the length 

of the side chains, first to isobutyl (iBu) groups. A complete search of the 
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conformational space of the iBu side chains was performed in Macromodel using the 

OPLS-200122 force field with solvation corrections for chloroform. All dimer backbone 

atoms were frozen in place, so that only the atoms making up the side chains were 

flexible. In Figure 4.4, overlays of the ten lowest energy conformers of the dimers of 

each polymer, PCPDTBT (left) and PSBTBT (right), are shown. It can be seen that, due 

to the greater freedom afforded by the longer Si-C of PSBTBT, the side chains of 

PSBTBT are able to explore a larger conformational space than those of PCPDTBT 

both parallel and perpendicular to the plane of the polymer backbone, suggesting that 

there might be less steric hindrance involving the side chains of PSBTBT. 
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Figure 4.4. Overlays of the ten lowest energy conformers of the isobutyl-terminated 

side chains for (left) PCPDTBT and (right) PSBTBT, showing a great amount of 

conformational flexibility in the isobutyl side chains of PSBTBT. 

 

 

 

Figure 4.5. The binding energies, in kcal mol-1, of the ten lowest-energy conformers of 

each polymer, with isobutyl-terminated side chains, with PCPDTBT in blue and 

PSBTBT in orange, numbered 1-10. 
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 Each of the ten lowest energy conformers of each dimer model was then 

subjected to DFT optimization at the M06-2X/6-31G(d) level of theory, in order to 

calculate their binding energies. A graphical comparison shows that, for each dimer 

model, the binding energies are consistently in the same range throughout all ten 

conformers (Figure 4.5). The best binding optimized conformations were then 

compared: the best binding PCPDTBT-iBu binds at -17.0 kcal mol-1 and the best 

binding PSBTBT-iBu binds at -22.2, for a difference of 5.2 kcal mol-1. This difference is 

significantly higher than the binding difference of the polymers with methyl side chains, 

and corroborates the presence of the steric effect discussed for Figure 4.4. The 

stronger binding of PSBTBT is due to the better fit of the dimers; the increased length 

of the Si-C bond allows the side chains of PSBTBT to explore a conformational space 

that is further away from the backbone than PCPDTBT, and hence freer from 

unfavorable interactions. A similar method was performed for the two dimers with side 

chain groups of ethylbutyl (EtBu) and ethylhexyl (EtHe – the full-length side chain). 

Figure 4.6 shows a comparison of the best binding energies in each of the side chain 

cases. For PCPDTBT, a general trend of decreasing binding strength can be seen as 

the side chain length increases, while for PSBTBT, binding strength remains relatively 

constant. 
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Figure 4.6. Binding energy (kcal mol-1) versus side chain length for the two dimers of 

PCPDTBT and PSBTBT. 

 

 Alternatively, the effects of side chain elongation on packing can be examined 

via measurement of the stacking distance between the backbones of the two 

monomers for each of the eight cases, by taking an average of the six atom-atom 

lengths previously shown in Figure 4.2. In Figure 4.7, a plot of stacking distance versus 

side chain length is presented. The stacking distances of PCPDTBT are consistently 

greater than those of PSBTBT, while both sets of distances trend upward as side chain 

length increases, as expected. In addition, the stacking distance of PCPDTBT 

increases at a greater rate than that of PSBTBT, reflecting the greater steric clashes of 

the side chains with the backbone of PCPDTBT. The difference in stacking distances 

between the two polymer models can be taken to reflect the difference in their 

experimentally observed crystalline character. 
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Figure 4.7. Packing distance (in ångstroms) versus side chain length for the two dimers 

of PCPDTBT and PSBTBT. 

 

 In addition to dimers, trimers were studied, where three units of each monomer 

were stacked vertically (Figure 4.8).  As with the dimers, backbones with side chains of 

iBu, EtBu, and EtHe were also modeled for PCPDTBT (left) and PSBTBT (right). The ten 

lowest-energy conformational search results were optimized with DFT, and the 

optimized geometry with the best binding energy is counted as the binding energy of 

that system. 
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Figure 4.8. Trimers of (left) PCPDTBT and (right) PSBTBT, calculated with M06-2X/6-

31G(d). Both polymer trimers stack in a parallel fashion. 

 

 Similar to the trend seen in Figure 4.6, an increasing difference in binding 

between the trimers of the two polymers with increasing side chain length was 

observed (Figure 4.9). These observations are important because while backbone 

structure design is commonly used for photovoltaic property tuning (e.g., tuning the 

HOMO and LUMO levels), side chain design is primarily used for solubility 

enhancement. Here we show that side chain effects can influence the photovoltaic 

properties of an organic solar cell, which will aid synthetic chemists in the design of 

new polymers for OPV applications. Stacking distances were also calculated for the 

eight trimer cases in the same way as described for the dimer cases, for just one of the 

two intermolecular distances. Like those of the dimers, the stacking distances of the 

trimers increase for both polymers as side chain length increases, although no 
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meaningful difference between the stacking distances of the two polymers can be 

observed. 

 

 

 

Figure 4.9. Binding energy (kcal mol-1) versus side chain length for the two trimers of 

PCPDTBT and PSBTBT. 

 

4.4 Conclusions 

Replacement of a single carbon atom in each monomer of PCPDTBT with a 

silicon atom results in the analogue PSBTBT. An 80% increase in PCE is observed in 

organic solar cells made with PSBTBT compared to those made with PCPDTBT. To 

gain insight into these two polymer systems and to understand how the single atom 

replacement changes the overall film morphology, models of these two polymeric 

systems have been studied. Differences in the electronic characteristics and 
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geometries of methyl-truncated monomeric models of the two polymers are found to 

be small. We have found that, upon increasing the length of the side chains in the 

models to better mimic the ethylhexyl chains of the polymers, the differing binding 

energies, stacking distances, and geometries of the side chain conformations between 

PCPDTBT and PSBTBT support experimentally observed differences in their packing 

properties. The longer Si-C bond length of PSBTBT, resulting in differences in side 

chain conformations, is the primary cause of the difference in stacking interactions 

between the two polymers. We propose that this effect translates to the closer 

packing, greater crystalline character, and ultimately superior solar cell efficiency in 

PSBTBT that is seen experimentally. 
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Chapter 5. Elucidating Fluorescence-Binding Relationships of a Series 
of Green Fluorescent Protein Chromophores in Human Serum Albumin 

 

5.1 Introduction 

 Green fluorescent protein (GFP) is one of a family of fluorescent proteins 

typically found in bioluminescent marine life. GFP itself absorbs blue to ultraviolet light 

and fluoresces green light, and was originally found in the jellyfish called crystal jelly, or 

aequorea victoria, which purportedly uses the protein for some combination of 

attracting prey, defense, communication, and illumination. The structure of GFP (Figure 

5.1) consists of a beta barrel, constructed from the peptide chain of the protein, that 

surrounds a chromophore, which is a conjugated moiety covalently bound to the 

protein and responsible for the observed green color of GFP. In addition to the 

covalent bond that tethers the chromophore to GFP, hydrogen bonding and 

electrostatic interactions stabilize the tertiary structure of the complex. 
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Figure 5.1. Crystal structure (RCSB accession code: 1EMA)1 of green fluorescent 

protein (GFP), as created with Pymol,2 showing (top) a side view of the beta barrel (in 

white) with the chromophore (in green) set in the center of the barrel, and (bottom) a 

cross-section of the protein showing the positioning of the chromophore in the center 

of the barrel. 
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 GFP has been intensely studied for several decades, owing to its potential use 

in a variety of biological applications. Indeed, in 2008, the Nobel Prize in Chemistry 

was awarded to three scientists for their efforts in characterizing and mutating GFP as 

well as splicing the gene for GFP into the chromosomes of a variety of bacteria, fungi, 

plants, and animals.3 Most notably, the gene for GFP has been fused to genes of 

interest in animals like rats, mice, monkeys, and even humans in order to study 

biological networks and causes of human diseases like Huntington's Disease.4 GFP 

has also been mutated to vary the wavelength of fluorescence such that most colors of 

the visible spectrum can be emitted by the protein.5 These GFP mutants have been 

used as biosensors: in one example, a mutant GFP fluoresces upon binding of mercury 

to the protein, thus acting as a poison sensor.6 

 The research group of Laren Tolbert, at the Georgia Institute of Technology, has 

undertaken study of GFP from a different angle – by separating the chromophore from 

the beta barrel of GFP to use the chromophore itself as a sensor.7 The wild-type GFP 

chromophore (Figure 5.2, left) is constructed from a three-amino acid sequence (serine 

65, tyrosine 66, and glycine 67) that undergoes an autocatalytic series of three 

reactions that results in an imidazolinone adjacent to a double bond.8 The double bond 

is the key to fluorescence; it is essential to the rigidity of the moiety, which is 

conjugated across the imidazolinone and benzene rings. Upon exposure to blue-

ultraviolet light, the π-bond is excited to the S1 singlet state. In the study that relates to 

this chapter, the Tolbert group has created a series of synthetic analogues with a 
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prototypical structure (Figure 5.2, right) that closely resembles the wild-type 

chromophore. 

 

 

Figure 5.2. (Left) The chromophore from wild-type GFP, and (right) the prototypical 

structure of the synthetic GFP chromophore created by the Tolbert lab. 

 

 The utility of the GFP chromophore, removed from the beta barrel of GFP, as a 

sensor is borne from how its fluorescence depends on its environment. For example, 

bound in the beta barrel of GFP, the chromophore absorbs bluish light at a major 

wavelength peak of 398 nm, and emits green light at a wavelength of 508 nm, with a 

quantum yield of 0.79.9 Unbound in solution, the chromophore absorbs and emits at 

similar wavelengths, 370 nm and 440 nm, respectively, but with a quantum yield of 

0.0001, meaning that very little fluorescence is taking place in the unbound 

chromophore. The source of the large difference in quantum yield between the bound 

and unbound chromophore is that when unbound, absorbed photons result in an 

excitation that can relax via an isomerization of the double bond from the Z 

configuration to the E configuration. In the excited state, the σ-bond is free to rotate 
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when the two surrounding rings are not rigidly held in place by the beta barrel of GFP, 

and the internal conversion that results in isomerization occurs at the picosecond 

timescale, faster than fluorescence.9 Because the chromophore will not fluoresce in 

solution, but it will fluoresce if, as a ligand, it binds to a host for which it has an affinity, 

the potential for new sensor applications exists for the chromophore. 

 In a biological setting, such a chromophore can be used to detect the presence 

of a protein; when it binds strongly to the protein, it would emits green light. Because 

of the ubiquity of protein-ligand interactions in biology (over 5000 reactions catalyzed 

by enzymes have been discovered10), there is are many possible biosensor binding 

targets. In the case of this study, human serum albumin (HSA) has been chosen as the 

target, due to the extensive study of the protein, its abundance in the human body 

(making up over 50% of the protein in blood plasma), the promiscuity of its binding (to 

fatty acids, metal ions, numerous drugs, etc.), and its role in a number of diseases and 

illnesses like cirrhosis, kidney disease, and shock.11 

 Detection of diseases related to HSA is performed by screening urine for a 

condition of low levels of HSA known as microalbuminuria. Fluorescent sensors for 

microalbuminuria, such as Albumin Blue 580, Nile Blue, Ponceau S, and pyrogallol red-

molybdate(IV), currently exist on the market, but the sensitivity and specificity of their 

binding to HSA is low enough to warrant research into new sensors, while the GFP 

chromophore holds promise due to its high sensitivity (15-fold enhancement of 

fluorescence in a non-specific cavitand) and specificity (fluoresces only when bound to 
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a host that restricts conformational flexibility).12 To study how a GFP-like chromophore 

may be used as a sensor for HSA, the Tolbert lab constructed a series of 13 

chromophore analogs, based on a prototypical design (Figure 5.2, right).7 Experimental 

work suggested a possible binding site for the chromophore using competition assays, 

and fluorescence measurements resulted in a wide variety in the bound-to-unbound 

fluorescence ratio (F/F0) among the 13 analogs (Table 5.1).  

 

 

Table 5.1. Table of the 13 synthesized analogs, showing substituted moieties at each 

of the R1 and R2 positions, and the resulting effect on the F/F0 (bound/unbound 

fluorescence) ratio.7 

 

In this chapter, the behavior of the GFP chromophores analogs in HSA are 

studied using docking methods. Docking is a computational tool for modeling the 

intermolecular interactions that occur when two molecules (here, a protein and a 

ligand) come together. The intermolecular interactions are used to calculate optimal 

R1 R2 F/F0 R1 R2 F/F0

1 H Me 3 8 OH pentyl 36
2 H n-Pr 11 9 OH hexyl 67
3 H pentyl 24 10 OH heptyl 72
4 H hexyl 20 11 OH octyl 52
5 H C3H6CO2

H
6 12 OH undecyl 7

6 OH Me 30 13 OH C3H6CO2H 28
7 OH n-Pr 48
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placement of the molecules with respect to one another via a ranking method similar to 

molecular mechanics.13 In practical use of this technique, a small molecule, known as a 

guest or ligand, is placed, or docked, into a cavity of a larger molecule, known as a 

host or receptor. An exhaustive conformational space search is performed over the 

entire unoccupied space of the cavity of the host in which the guest is able to fit, in 

order to find the set of preferred orientations of the host-guest complex. These 

orientations are then ranked by their binding energies.14 Docking methods have been 

successfully used as a tool for rapid screening of drug-protein target binding.15 and in 

this project, we have extended the use of docking to locate computationally the 

binding site of the chromophore in HSA and to differentiate the binding of the 13 

analogues. An explanation for the significantly different bound-to-unbound 

fluorescence ratios observed experimentally has been developed. 

 

5.2 Computational methods 

Docking simulations were performed in this work using Autodock Vina, the most 

recent release in a series of Autodock software programs.16 Autodock Vina and its 

predecessors are open-source docking simulators developed by Olson and coworkers 

in the Molecular Graphics Laboratory at The Scripps Research Institute; development 

of the software began in the early 1990s, using simulated annealing as the 

conformational searching method.17 Since that time, more complex methods for 

searching such as Lamarckian Genetic Algorithms were incorporated in the late 1990s, 
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increasing efficiency.18 In the late 2000s, increasing computational power enabled the 

release of Autodock 4, which increased the realm of searchable conformational space 

and introduced protein flexibility, enabling bond rotations in the side chains of the 

protein’s amino acids.19 Shortly thereafter, Autodock Vina was released, using the 

same searching methods as Autodock 4, but with completely rewritten code and new 

algorithms that achieve better accuracy while increasing speed by several orders of 

magnitude through both more efficient coding and enabling the use of multiple 

processors for each simulation. 

In Autodock Vina, proteins are termed receptors and their substrates are termed 

ligands. Receptors and ligands were imported to the software via the protein data bank 

(PDB) file format. Receptors were processed for docking from preexisting PDB files, 

acquired from the RCSB Protein Data Bank (www.pdb.org).20 PyMOL,2 a molecular 

visualization program particularly useful for protein complexes, was used to prepare 

protein structure files by removing unwanted ligands, molecules, and erroneous 

artifacts. PropKA21 was then used to calculate the local pHs of each amino acid in the 

designed protein structures and adjust protonation states accordingly to match the 

protonation states of the protein in water-solvated experimental conditions. Following 

treatment by PropKA, protein files were input into AutoDock Tools19 for preparation. 

Using our docking procedure, the side chain of each amino acid can be made either 

rigid or flexible. A rigid side chain is frozen in its initial conformation while a flexible side 

chain is fully rotatable and free to explore its full conformational space. A fully flexible 
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protein would be preferable, but because computation time exponentially increases as 

the number of flexible side chain increases, care must be taken to choose the 

appropriate extent of flexibility. Only the side chains can be made flexible; the enzyme 

backbone itself can only be made rigid and therefore conformational changes in the 

backbone cannot be taken into account. Amino acid side chains with any atom present 

within 4 Ångstroms (Å) of the putative binding site of the GFP chromophore analogs in 

the protein were selected to be flexible. 

The chromophore analogs were built in Schrödinger Maestro22 and then 

subjected to conformational searches in chloroform using Macromodel23 with the 

OPLS-200124 parameterized force field to generate a reasonable, low-energy 

conformation of each ligand. The resulting conformer was taken as the initial 

chromophore analog geometry for docking. OPLS (Optimized Potentials for Liquid 

Simulations) and its descendants, including OPLS-2001, are derived from both 

experimental and computational data. Heats of vaporization and densities are 

combined with results from ab-initio Hartree-Fock calculations to approximate total 

system energy (V(rN)) by summing bonding, angle, torsion, and non-bonding energies, 

which are made up of van der Waals and electrostatic interactions, for each pair of 

atoms in the system (equation 2.1).24b This method provides highly accurate 

reproduction of energetics of organic molecules in a short period of time.30 

 

! "# = %∑'()#*+ + ∑'-#./0+ + ∑'*120*3-/+ + ∑'#)#4()#*1#. (5.1) 
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The chromophore ligands were next prepared for docking with AutoDock Tools 

in a similar fashion to the protein receptors. Each ligand was made completely flexible, 

for full exploration of the most feasible conformations of the ligand when docked. A 

searchable space was specified prior to simulation. This space, known as the grid, 

encompasses the entire region of the receptor in which the ligand and all flexible side 

chains are allowed to move. Generally the grid is centered at the active site and has a 

volume of approximately 20-30 Å on each side. As the ligand searches the active site, 

the binding energy – that is, the energy change associated with bringing the receptor 

and ligand together from an infinite distance – is calculated via a scoring function for 

each bound conformation, or “pose.” 

 Autodock Vina simulates evolution through the use of a Lamarckian genetic 

algorithm (LGA) to refine its search for the lowest energy pose. An LGA, in contrast 

with the genetic algorithm (GA) to which biological life adheres, incorporates 

information acquired during the course of each cycle into the start of the next cycle. 

LGAs are therefore more efficient than other GAs, because each successive cycle will 

start from the end points of the best preceding cycles rather than from the starting 

points of the best preceding cycles. The extent of the LGA search in Autodock Vina is 

known as exhaustiveness. The default for this value is 8, low enough to allow for large, 

rapid screening studies. Because the number of analogs (13) in this study is low, 

computational cost was not a factor, and all simulations were performed at an 
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increased value of 32, to maximize the probability of finding the actual lowest energy 

pose. Energy range, which determines the maximum energy difference between the 

best and worst pose, was set to 10 kcal/mol, and each simulation was set to produce a 

maximum of 20 low-energy poses. Resulting poses were inspected using PyMOL, and 

all enzyme/substrate illustrations shown in this chapter were produced with PyMOL. 

 

5.3 Structure and isomerization of the GFP chromophore analogs 

To understand the fluorescence-binding relationship in a GFP chromophore 

analog bound to HSA, it was first important to understand the process that determines 

whether fluorescence will occur. The singlet excited state can relax to a ground state 

by direct radiative decay, or by radiationless decay through a conical intersection onto 

the ground state surface for thermal isomerization between Z and E alkene.25 The 

strength of fluorescence observed in a GFP chromophore analog is directly related to 

the maintainance of rigidity of the chromophore. If prevented from accessing the 

conical intersection, fluorescence will be the major mode of deactivation.  

As a first step toward analyzing the binding properties of the chromophores, we 

studied the reactant and product of the isomerization by calculating the molecular 

structure of GFP Chromophore analog 1 using B3LYP,26 a quantum-mechanical 

density functional theory (DFT)27 method, with a 6-31G(d) basis set in Gaussian 09.28 In 

Figure 5.3, the optimized gas-phase structures of the Z- and E-isomers of analog 1 

(see Table 5.1 for reference) are shown, along with some relevant bond distances and 
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electrostatic potential (ESP) maps of the reactant and product, and the reaction 

enthalpy. In the gas phase, the Z-isomer is lower in energy than the E-isomer by 2.3 

kcal/mol, indicating that the unbound Z-isomer is significantly more stable in solution. 

Structurally, the bond lengths do not significantly change as a result of the 

isomerization, and both isomers are almost perfectly planar. With regard to charge 

distribution, the ESP maps of the two isomers show that there are a few differences, 

namely reflecting the inversion of the highly polar carbonyl group from one side of the 

molecule in the Z-isomer to the other side in the E-isomer. 

 

Figure 5.3. Optimized geometries of the Z- and E-configurations of the isomers of GFP 

chromophore Analog 1, including relevant bond distances, electrostatic potential 

maps, and the enthalpy (ΔH) of reaction. 
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5.4 Elucidating the fluorescence-binding relationships of the analogs 

Human serum albumin (HSA) (Figure 5.4) was chosen by Tolbert as the protein 

target for the GFP chromophore analog binding for its ubiquity in blood plasma and its 

promiscuity in binding.29 In total, there are twelve binding sites on HSA with different 

binding site environments. Two of the sites, Sudlow's Site I (Figure 5.4, highlighted in 

blue) and Sudlow's Site II (Figure 5.4, highlighted in green), are the primary drug 

binding sites;30 the two sites selectively bind the drugs warfarin and ibuprofen, 

respectively, which are both similar in structure to the GFP chromophore. 



! 122!

 

Figure 5.4. Crystal structure (RCSB accession code: 1E7H)31 of human serum albumin 

(HSA), highlighting the two primary drug binding sites, Sudlow's Site I (in blue) and 

Sudlow's Site II (in green).  

 

 Competitive binding assays conducted experimentally by the Tolbert group 

suggested that the analogs primarily bind to Sudlow's Site II;7 the first computational 

task was to locate the binding site with docking methods to support the experimental 

findings. To test binding site preferences, the Z-configurations of each of the 13 GFP 

chromophore analogs were docked using Autodock Vina to each of the two potential 
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binding sites. The lowest-energy docked poses, or conformations, were then overlaid 

to examine the consistency of the binding modes among the 13 analogs. Figure 5.5 

shows the results of the binding site analysis. All of the atoms of the protein are hidden 

in the figure for clarity, and only the atoms of the chromophore analogs are shown. On 

the left of Figure 5.5 is the overlay of the lowest-energy docked conformations of the 

Z-configurations of each of the 13 GFP chromophore analogs in Sudlow’s Site I. The 

overlay of the analogs in the Sudlow's Site I shows three clusters of binding modes 

with no dominant binding mode among them, and further disorder is present within the 

clusters. The inconsistency in the binding modes of the analogs in Sudlow's Site I 

suggests weak binding. Figure 5.5, on the right, shows an overlay of the lowest-energy 

docked poses of the 13 analogs in Sudlow’s Site II, with all of the atoms of the HSA 

protein omitted for clarity. In contrast to the overlay for Site I, the 13 analogs in the Site 

II overlay have a single dominant binding mode with almost perfect overlap, indicating 

that there is a consistent binding mode that suggests strong binding of the analogs at 

that site. The visual comparison of the two overlays, as described above, provides 

computational evidence in support of the experimental findings that the analogs more 

strongly bind to Sudlow's Site II. 
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Figure 5.5. Overlays of the best (lowest-energy) docked conformations of the Z-

configurations of each of the 13 GFP chromophore analogs in (left) Sudlow’s Site I and 

(right) Sudlow’s Site II, with all of the atoms of the HSA protein omitted for clarity. The 

13 analogs in the overlay on the right (Sudlow's Site II) have almost perfect overlap, 

indicating a consistent binding mode that suggests strong binding of the analogs at 

that site. The analogs in the overlay on the left (Sudlow's Site I) show three clusters of 

binding modes with a high degree of disorder, indicating inconsistency in the binding 

of the analogs that suggests weak binding. 

 

With computational corroboration of the experimental findings of Sudlow's Site 

II as the preferred binding site of the GFP chromophore analogs, subsequent 

calculations were performed to explain how fluorescence varies with the different 

substitution patterns at the R1 and R2 positions of the analog. We first examined the R1 

position; the R1 group varies between hydrogen substitution (analogs 1 through 5) and 
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hydroxyl substitution (analogs 6 through 13). By comparing analogs that differ at the R1 

position but are unchanged at the R2 position (e.g., analogs 1 and 6), it can be clearly 

seen that hydroxyl substitution at R1 increases the bound-to-unbound fluorescence 

ratio (F/F0). Analog 1 has an F/F0 of 3 while analog 6 has an F/F0 of 30, an increase of 

an order of magntitude. Because F/F0 is directly related to the rigidity upon binding, it is 

expected that substitution with a hydroxyl group results in intermolecular interactions 

that increase the strength of binding. Close examination of the binding modes of 

analogs 1 and 6 reveals this to be the case. 

In Figure 5.6, the lowest-energy docked poses of analog 1 (left) and analog 6 

(right) are compared. The electrostatic interactions of polar amino acid residues of the 

HSA protein with the polar atoms on the analogs are shown. Because the analogs have 

very similar binding modes, most of the electrostatic network is duplicated. In both 

bound analogs, asparagine 391, arginine 410, and tyrosine 411 form a hydrogen-

bonding network on one side of the imidazolinone ring while arginine 485 and serine 

489 form a hydrogen-bonding network on the other side of the imidazolinone ring. 

However, there is an additional hydrogen bonding interaction present in analog 6, due 

to the hydroxyl-substituted R1 group. In analog 6, lysine 414 is hydrogen bonded to the 

hydroxyl group. This interaction is not possible in analog 1, which is terminated with a 

hydrogen instead. Because, in analog 6, both the imidazolinone ring and the benzene 

ring are stabilized by hydrogen bonding, both sides of the breaking double bond are 

stabilized and held rigid by the protein, which prevents the isomerization pathway from 
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occurring. As a result, fluorescence in analog 6 is increased tenfold relative to the 

fluorescence in analog 1, from an F/F0 of 3 to 30. This pattern, as related to R1 

substitution, is also observed in all of the other analogs. 

 

 

 

Figure 5.6. Lowest-energy docked conformations of the Z-configurations of analog 1 

(on the left) and analog 6 (on the right) in Sudlow’s Site II, showing the hydrogen 

bonding networks that stabilize the chromophore analogs in the binding site. Analog 6 

has an additional hydrogen bond from lysine 414 that stabilizes the benzene ring of the 

analog due to the presence of a hydroxyl group at R1. 

 

The other observed phenomenon in the series of analogs is the effect that R2 

substitution has upon fluorescence. As the alkyl side chain length of the R2 group 

increases from methyl to undecyl, fluorescence increases, to a point, and then 
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declines. Maximum F/F0 (72) is observed with a heptyl side chain length of 7 carbons. 

F/F0 then sharply declines to 7 as the side chain length grows to 11 (undecyl). To 

explain this behavior, we again looked at the lowest-energy docked poses in Sudlow's 

Site II to analyze how rigidity of the analogs is influenced by the increasing side chain 

length. Figure 5.7 shows the docked poses of five relevant analogs, all with hydroxyl 

groups at R1 – analogs 6, 9, 10, 11, and 12 – in a 3D space-filling model on the left and 

a line-drawn model on the right. The side chain of each of the five analogs is labelled 

for clarity. In the 3D space-filling model, the blue-colored surface indicates the 

presence of nitrogen in an amino acid side chain at the surface, the red surface 

indicates the presence of oxygen in the side chain at the surface, and the white surface 

indicates the presence of a hydrophobic, or all-carbon, amino acid side chain at the 

surface. For an unobstructed view, the line-drawn model shows only the atoms of the 

chromophore analogs and atoms of relevant amino acid side chains from the protein. 

Comparing the poses of analog 6 (R2 = methyl; F/F0 = 30) and analog 9 (R2 = 

hexyl; F/F0 = 67), the long side chain of analog 9 is forced to curve slightly into a side 

pocket of the binding site that is mostly hydrophobic. The hydrophobic side pocket 

increases the rigid fixture of analog 9 in the binding site; the presence of the hexyl side 

chain in the pocket hinders the rotation of the imidazolinone ring that is necessary for 

isomerization. The additional hindrance is concomitant with the increase in 

fluorescence observed for analog 9. Analog 10, with a slightly longer heptyl side chain, 
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is pushed further into the hydrophobic pocket, causing more geometrical constraints 

and resulting in  additional fluorescence (F/F0 = 72). 

 

 

 

 

Figure 5.7. Overlays of the lowest-energy docked conformations of analogs 6, 9, 10 

11, and 12 in a 3D space-filling model (left) and a line-drawn model (right). For clarity, 

the R2 alkyl side chain of each analog is labelled. In the space-filling model, the colors 

of blue, red, and white correspond to atoms of nitrogen, oxygen, and carbon, 

respectively. Here, it is seen that the side chains of analogs 9 and 10 enter a 

hydrophobic side pocket that increases the rigidity of the analog, preventing 

isomerization and enhancing fluorescence, whereas the side chains of analogs 11 and 

12 are diverted out of the side binding pocket due to their greater length, and lack the 

stabilization, rigidity, and fluorescence afforded to analogs 9 and 10. 
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However, the situation is altered when the side chain length is increased beyond 

7 carbons; fluorescence begins to decrease. Both analogs 11 and 12, with side chains 

of 8 (octyl) and 11 (undecyl) carbons each, respectively, fluoresce less compared to the 

unbound state (F/F0 = 52 for octyl and 7 for undecyl). This can be rationalized again 

through analysis of the docked poses. As can be seen in Figure 5.7 for the lowest-

energy docked poses in both the space-filling and line-drawn (without obstruction, for 

clarify), the side chains of analogs 11 and 12 are too long too fit into the hydrophobic 

pocket in which the side chains of analogs 9 and 10 reside. Because of this, the side 

chains appear to be left to rest freely in the larger binding pocket, and without the 

additional rigidity enforced by the hydrophobic side pocket, the enhanced fluorescence 

decays.  

 

5.5 Conclusions 

Protein-ligand docking software has been devised to determine the relationship 

between fluorescence and binding of a series of green fluorescent protein 

chromophore analogs to the human serum albumin protein. Experimental results, 

obtained by the Tolbert group, that establish the major binding site of the analogs as 

Sudlow's Site II were confirmed computationally, and a mechanistic understanding 

was developed to explain the relationship between fluorescence and differences in 

substitution at two separate positions on the bound ligands.  Protein-ligand docking 

has been shown to be a useful aid in the analysis of the both the binding site location 
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and the amino acids that play a role in the restriction of flexibility of the GFP 

chromophore analogs. This methodology may be applicable to other protein-ligand 

complexes where a series of ligands with similar structure are studied, and may also 

provide a useful tool for analysis of other types of host-guest complexes. As an aside, 

an attempt was made to use PELE, or Protein Energy Landscape Exploration,32 to 

provide information about the binding dynamics of the chromophore analogs to HSA, 

but we were unable to obtain meaningful results from PELE for this project. PELE uses 

Monte Carlo sampling methods to produce simulated dynamics along a stochastic 

trajectory for protein-ligand complexes similar to deterministic molecular dynamics at a 

fraction of the computational cost. Looking forward, methods like PELE may prove 

highly useful to docking projects where dynamics is relevant. 

 

 

 

 

 

 

 

 

 



! 131!

5.6       References 
 
(1) M. Ormo, A. B. Cubitt, K. Kallio, L. A. Gross, R. Y. Tsien, and S. J. Remington: 

"Crystal structure of the Aequorea victoria green fluorescent protein," Science, 273, 

1392-1395 (1996). 

(2) The PyMOL Molecular Graphics System, version 1.7, Schrödinger, Inc., New York, 

NY (2015). 

(3) http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2008/ 

(4) S.-H. Yang, P.-H. Cheng, H. Banta, K. Piotrowska-Nitsche, J.-J. Yang, E. C. H. 

Cheng, B. Snyder, K. Larkin, J. Liu, J. Orkin, Z.-H. Fang, Y. Smith, J. Bachevalier, S. M. 

Zola, S.-H. Li, X.-J. Li, and A. W. S. Chan: "Towards a transgenic model of 

Huntington's disease in a non- human primate," Nature, 453, 921-924 (2008). 

(5) R. Y. Tsien: "The Green Fluorescent Protein," Annu. Rev. Biochem., 67, 509-544 

(1998). 

(6) R. R. Chapleau, R. Blomberg, P. C. Ford, and M. Sagermann: "Design of a highly 

specific and noninvasive biosensor suitable for real-time in vivo imaging of mercury (II) 

uptake," Protein Sci., 17, 614-622 (2008). 

(7) A. Baldridge, S. Feng, Y.-T. Chang, and L. M. Tolbert: "Recapture of GFP 

Chromophore Fluorescence in a Protein Host," ACS Comb. Sci., 13, 214-217 (2011). 

(8) F. Yang, L. G. Moss, and G. N. Phillips: "The molecular structure of green 

fluorescent protein," Biotechnology, 14, 1246-1251 (1996). 

!



! 132!

!
(9) A. B. Cubitt, R. Heim, S. R. Adams, A. E. Boyd, L. A. Gross, and R. Tsien:  

"Understanding, improving, and using green fluorescent protein," Trends Biochem. 

Sci., 20, 448-455 (1995). 

(10) P. D. Karp: “Call for an enzyme genomics initiative,” Genome Biol., 5, 401 (2004). 

(11) J. P. Nicholson, M. R. Wolmarans, and G. R. Park: "The role of albumin in critical 

illness", Br. J. Anaesth., 85, 599-610 (2000). 

(12) A. Baldridge, S. R. Samanta, N. V. Jayaraj, Ramamurthy, and L. M. Tolbert: 

"Activation of Fluorescent Protein Chromophores by Encapsulation," J. Am. Chem. 

Soc., 132, 1498–1499 (2010). 

(13) T. Lengauer and M. Rarey: ”Computational methods for biomolecular docking,” 

Curr. Opin. Struct. Biol., 6, 402-406 (1996). 

(14) O. Trott and A. J. Olson: “AutoDock Vina: improving the speed and accuracy of 

docking with a new scoring function, efficient optimization, and multithreading,” J. 

Comput. Chem., 31, 455-461 (2010). 

(15) G. Klebe: "Recent developments in structure-based drug design," J. Mol. Med., 

78, 269-281 (2000). 

(16) O. Trott and A. J. Olson: “AutoDock Vina: improving the speed and accuracy of 

docking with a new scoring function, efficient optimization and multithreading,” J. 

Comput. Chem., 31, 455-461 (2010). 

!



! 133!

!
(17) D. S. Goodsell and A. J. Olson: “Automated docking of substrates to proteins by 

simulated annealing,” Proteins, 8, 195-202 (1990). 

(18) G. Morris, D. Goodsell, R. Halliday, R. Huey, W. Hart, R. Belew, and A. Olson: 

“Automated docking using a Lamarckian genetic algorithm and an empirical binding 

free energy function,” J. Comput. Chem., 19, 1639-1662 (1998). 

(19) G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, R. K. Belew, D. S. Goodsell, 

and A. J. Olson: “AutoDock4 and AutoDockTools4: Automated Docking with Selective 

Receptor Flexibility,” J. Comput. Chem., 30, 2785-2791 (2009). 

(20) A. Kouranov, L. Xie, J. de la Cruz, L. Chen, J. Westbrook, P. E. Bourne, H. M. 

Berman: “The RCSB PDB information portal for structural genomics,” Nucleic Acids 

Res., 34, D302-5 (2006). 

(21) H. Li, A. D. Robertson, and J. H. Jensen: “Very fast empirical prediction and 

rationalization of protein pKa values,” Proteins, 61, 704-721 (2005). 

(22) Maestro, version 10.2, Schrödinger, Inc., New York, NY (2015). 

(23) Macromodel, version 10.8, Schrödinger, Inc., New York, NY (2015). 

(24) (a) G. A. Kaminski, R. A. Friesner, J. Tirado-Rives, W. L. Jorgensen: “Evaluation 

and Reparametrization of the OPLS-AA Force Field for Proteins via Comparison with 

Accurate Quantum Chemical Calculations on Peptides,” J. Phys. Chem. B, 105, 6474-

6487 (2001). (b) W. Jorgensen, D. Maxwell, and J. Tirado-Rives: “Development and 

!



! 134!

!
testing of the OPLS all-atom force field on conformational energetics and properties of 

organic liquids,” J. Am. Chem. Soc., 118, 11225-11236 (1996). 

(25) B. G. Levine and T. J. Martínez: "Isomerization Through Conical Intersections," 

Annu. Rev. Phys. Chem., 58, 613-634 (2007). 

(26) (a) C. T. Lee, W. T. Yang, and R. G. Parr: "Development of the Colle-Salvetti 

Correlation-Energy Formula into a Functional of the Electron Density," Phys. Rev. B., 

37, 785–789 (1988). (b) A. J. Becke: "Density-Functional Thermochemistry. III. The Role 

of Exact Exchange," J. Chem. Phys., 98, 5648–5652 (1993). 

(27) W. Kohn, A. D. Becke, and R. G. Parr: "Density Functional Theory of Electronic 

Structure," J. Phys. Chem., 100, 12974–12980 (1996). 

(28) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. 

Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, 

M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. 

Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, 

M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. 

Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, 

N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. 

Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, 

J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, 

!



! 135!

!
J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. 

Cioslowski, and D. J. Fox: “Gaussian 09, Revision A.1,” Gaussian, Inc., Wallingford, CT 

(2009). 

(29) T. Peters: "All about Albumin: Biochemistry, Genetics, and Medical Applications," 

Academic Press, San Diego, CA (1995).  

(30) G. Sudlow, D. J. Birkett, and D. N. Wade: "The Characterization of Two Specific 

Drug Binding Sites on Human Serum Albumin," Mol. Pharmacol., 11, 824-832 (1975). 

(31) A. A. Bhattacharya, T. Grune, and S. Curry: "Crystallographic Analysis Reveals 

Common Modes of Binding of Medium and Long-Chain Fatty Acids to Human Serum 

Albumin," J. Mol. Biol., 303, 721-732 (2000). 

(32) A. Madadkar-Sobhani and V. Guallar: "PELE web server: atomistic study of 

biomolecular systems at your fingertips," Nucl. Acids Res., 41, W322-W328 (2013). 



! 136!

Chapter 6. Why Cyclic 1-Azadienes and Heterocyclic Analogs are Less 
Reactive than Cyclic 2-Azadienes in Diels–Alder Reactions 
 
 
The work described within the following chapter was performed in collaboration with 
Jason Fell, a fellow doctoral candidate in the Houk lab, with whom I share equal credit 
for authorship. This chapter is a manuscript in preparation to be submitted to the 
Journal of the American Chemical Society, with the following list of authors: 
 
Blanton N. Martin,† Jason S. Fell,† and K. N. Houk† 
 
†Department of Chemistry and Biochemistry, University of California, Los Angeles, 
California 90095-1569 
  



! 137!

6.1 Introduction 

The hetero-Diels–Alder reaction is a [4 + 2] cycloaddition in which at least one 

heteroatom is integrated into the diene or dienophile.. Two common subclasses of the 

hetero-Diels–Alder reaction are the oxa-Diels–Alder and aza-Diels–Alder reactions, 

which are shown in Scheme 6.1.1 

 

 

Scheme 6.1. The two common subclasses of the hetero-Diels–Alder reactions: the 

aza-Diels–Alder and the oxa-Diels–Alder reactions. 

 

The aza-Diels–Alder reaction has significant synthetic utility in producing 

nitrogen-containing heterocycles such as piperidines2 and tetrahydroquinones,3 which 

can be valuable intermediates for the synthesis of natural products.4,5 However, the 

aza-Diels–Alder reaction is under-exploited compared to that of the standard all-

carbon Diels–Alder (DA) reaction.6 Currently the aza-Diels–Alder reaction is utilized in 

biorthogonal click chemistry such as the Kondrat’eva ligation7,8 and strain-promoted 
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azide-9 and tetrazine-alkyne10 cycloadditions. The Povarov reaction utilizes a 2-

azadiene to react with electron rich alkenes in the presence of a Lewis Acid catalyst. 

These reactions use 2-azadienes and oxazoles which effortlessly react with numerous 

dienophiles, however DA reactions involving 1-azadienes and isoxazoles require high 

temperature and catalysts to react.11 Scheme 6.2 shows previous experimental and 

theoretical DA reactions of cyclic 1-azadienes. 

 

 

 

Scheme 6.2. Reluctant reactions of 1-azadienes in DA reactions. 

 

 Jung and Shapiro attempted the DA reaction of 2,3,4,5,5-pentachloro-1-

azacyclopentadiene with styrene (Scheme 6.2a), but discovered that the 1-azadiene 

rearranged to the 2-azadiene, which then underwent the cyclization.12 This 

phenomenon was proposed to involve a lower thermodynamic driving force in 

reactions of 1-azadienes versus 2-azadienes. Vogel et al. studied intramolecular DA 
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reactions of the butenyl pyrroles shown in Scheme 6.2b. Only the product of reaction 

of the 2-azadiene compound was found experimentally and computationally.13 An 

earlier theoretical study from our group showed that the reaction of oxazole is 

exergonic while that of isoxazole is endergonic (Scheme 6.2c).11 

  We have employed density functional theory (DFT) calculations to predict the 

activation and reaction enthalpies and free energies of DA reactions involving acyclic 

and heterocyclic dienes shown in Scheme 6.3 with ethylene (a) and fumaronitrile 

(trans-1,2-dicyanoethylene, b). We have utilized the distortion/interaction (D/I) model to 

analyze the differences in activation energies between the different dienes. We report a 

detailed analysis of the activation and reaction energies that are associated with DA 

reactions of 1-aza- and 2-azadienes. 
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Scheme 6.3. The dienes and dienophiles under study. 

 

6.2 Computational methods 

All electronic structure calculations were performed using DFT methods in 

Gaussian 09.14 Gas-phase ground state and transition state geometries were optimized 

with Truhlar’s M06-2X functional15 and the 6-311G(d,p) basis set, which have been 

found by our group to give relatively accurate energies for cycloaddition reactions.16,17 

Vibrational frequencies were computed to determine if optimized structures are minima 

or saddle points on the potential energy surface corresponding to ground state and 

transition state (TS‡) geometries, respectively. Free energies were calculated for the 

gas phase and 298.15 K, and the distortion/interaction model18 was employed for the 



! 141!

analyses. Truhlar’s quasiharmonic correction was applied to mitigate error in 

estimation of entropies arising from the treatment of low vibrational modes as 

harmonic oscillations by setting all frequencies less than 100 cm–1 to 100 cm–1.19,20 

Molecular structures were drawn with the CYLview program.21  

 

6.3 Results 

We first investigated the DA reactions of dienes 1, 2, and 3 with ethylene (a), to 

compare with the previous calculations performed at a lower accuracy in our group. 

These reactions are illustrated in Figure 6.1 with reaction and activation free energies 

reported in kcal mol–1. 

 

 

Figure 6.1. DA reactions of dienes 1, 2, and 3 with dienophile a. 
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The reaction of 1 with a is endothermic by 3.1 kcal mol–1 with an activation free 

energy of 35.0 kcal mol–1. The energetics of reaction of 2, a 2-azadiene, do not differ 

appreciably from those of 1. However, the reaction with 3, a 1-azadiene, exhibits 

strikingly different reaction and activation enthalpies. The activation free energy is 10.6 

kcal mol–1 higher with 3, and the reaction is 16.8 kcal mol–1 more endergonic. The 

calculated differences in energies agree well with previously measured thermochemical 

measurements. The heats of formation for oxazole and isoxazole in the gas phase are -

3.71 ± 0.13 and 18.78 ± 0.13 kcal mol–1, respectively.22 This results in a ΔΔHf° = 22.49 

kcal mol–1, which is in good agreement with the M06-2X/6-311G(d,p) result of 25.6 kcal 

mol–1. As previously observed, the less stable diene is the less reactive diene!11  

  To investigate the role of aza-substitution on the furan ring, we compared the 

reaction and activation free energies of these reactions and those of the reactions of all 

four oxadiazoles. The results are shown in Figure 6.2.  

 

 



! 143!

 

Figure 6.2. The computed activation free energies for DA reactions of heterocycles 

with ethylene. 
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to +1 kcal mol–1 on the free energies, but a 1-aza substitution varies the barriers by 9-

11 kcal mol–1 and reaction energies by 13-16 kcal mol–1! 

The transition state geometries for the reactions of 1, 2, 3, 16, 17, 18, and 19 

with ethylene are shown in Figure 6.3. 

 

 

Figure 6.3. The transition structures of Diels-Alder reactions of 1, 2, 3, 16, 17, 18, and 

19 with ethylene. 
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and 17 (1.95 Å). This indicates a later TS‡, which relates to the increased activation and 

reaction energies for the 1-azadienes. 

 We also studied 4, 5, and 6 to determine the influence of aza-substitution on 

nonaromatic carbocyclic dienes. The energies are given in Figure 6.4. 

 

 

 

Figure 6.4. The computed free energies and transition state geometries for DA 

reactions of 4, 5, and 6 with ethylene. 
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experimental activation enthalpy for the reaction of 4 and a was calculated to be 22.6 

kcal mol–1 at 546 K,23 whereas our M06-2X/6-311G(d,p) calculation underestimates the 

activation enthalpy to 16.4 kcal mol–1. A previous computational benchmarking paper 

also showed that many other DFT methods underestimated the activation enthalpy for 

the DA reaction of 4 and a.24 A single 2-aza substitution lowers the activation and 

reaction free energies slightly by 1.6 and 3.1 kcal mol–1, respectively. The 1-aza 

substitution raises the activation and reaction free energies by 9.4 and 16.4 kcal mol–1, 

respectively.  

  We also explored the influence of 1-aza- and 2-aza-substitution of pyrrole and 

thiophene (Figure 6.5).  
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Figure 6.5. Thiophene (10) and pyrrole (13), along with 1-aza- (11 and 14) and 2-

azaderivatives (12 and 15), reacting with ethylene. 
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As previously observed with the other two sets of cyclic dienes, the activation 

and reaction enthalpies for the cyclic 1-azadienes (12 and 15) are 13–14 and 19–21 

kcal mol–1 higher than their 2-aza- and hydrocarbon analogs. The calculated 

differences in energies agree well with previously measured thermochemical 

measurements The heats of formation for imidazole (14) and pyrazole (15) in the gas 

phase are 30.6 ± 1.8 and 43.3 ± 2.1 kcal mol–1, respectively.25 This results in a ΔΔHf° = 

12.7 ± 1.4 kcal mol–1, which is in excellent agreement with the M06-2X/6-311G(d,p) 

result of 11.8 kcal mol–1.  Regardless of the diene bridging group, 1-azadiene reactions 

are much more endergonic here, while 2-azadienes have nearly the same reaction 

energies as the parent heterocycles.   

 We also explored the reaction of fumaronitrile, b, an electron-deficient 

dienophile,26,27 with furan, cyclopentadiene, thiophene and pyrrole, and their 1-aza- and 

2-aza- derivatives. The DA reaction of b with 1-aza- and 2-azadienes can produce two 

isomeric products: 5-endo-6-exo (b-1) and 5-exo-6-endo (b-2) prod. Scheme 6.4 

shows the two isomeric products from the DA reaction of b with 1-aza- or 2-azadienes. 
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Scheme 6.4. The DA reaction with b produces two isomeric products. 
 

 The dienes that we expect to undergo a DA reaction with fumaronitrile are 4, 5, 

7, 8, and 9 which are listed in Table 6.1 with corresponding differences in reaction and 

activation free energies.   

 



! 150!

 

 

Table 6.1. The changes in reaction and activation free energies of the DA reaction of 

the most reactive dienes with ethylene and fumaronitrile. 

 

 Product b-1 is favored over b-2 by 1.5 kcal mol–1 for the reaction of all 2-

azadienes, except with the reaction with 2-azabutadiene (8) where b-2 is favored by 

4.2 kcal mol–1. We predict that there is no product preference for the reaction of 

fumaronitrile with the 1-azadienes. The change in activation free energies are +0.4 to -
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3b-1 43.7 24.3 -1.8 4.4
3b-2 43.0 24.4 -2.6 4.6

4 29.9 -13.0 4b 21.7 -15.0 -8.2 -2.0
5b-1 23.5 -15.4 -4.8 0.6
5b-2 25.1 -14.2 -3.2 1.8
6b-1 35.7 4.2 -3.7 0.8
6b-2 34.8 4.3 -4.5 0.9

10 42.7 4.0 10b 36.5 5.6 -6.2 1.6
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12b-1 55.7 29.6 1.6 7.7
12b-2 55.1 29.6 1.0 7.7
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14b-1 31.8 12.2 -8.5 1.8
14b-2 33.3 13.5 -6.9 3.1
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54.1 21.9
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8.2 kcal mol–1 compared to those with ethylene. The reaction free energies with 

fumaronitrile range from –2.0 lower to +5.8 kcal mol–1 compared to the reaction with 

ethylene with an average change of 0 kcal mol–1. 

 We also studied butadiene (7) and the 1-aza- and 2-aza-derivatives (8 and 9, 

respectively) (Figure 6.6). With this set of dienes any possible contribution of steric 

effects or distortion from a bridge is removed. 

 

 

Figure 6.6. The energetics, transition states and products for the DA reactions of 7, 8, 

and 9 with ethylene. 
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is synchronous, unlike in earlier examples with other 1-azadienes. The effects of 1-aza-

substitution on reaction and activation free energies for butadiene are not as large 

compared to those with furan and cyclopentadiene. Product 9a is stabilized by 

conjugation of the nitrogen lone pair into the forming double bond, while the lone pair 

in products 3a and 6a are forced to be orthogonal to the new double bond. 

 

6.4 Discussion 

We have explored why cyclic 1-azadienes are less reactive than cyclic 2-

azadienes using a distortion-interaction approach. We follow this discussion with an 

explanation of the reactivity trends observed for different heterocycles based upon 

reaction energies and diene aromaticities. We first compare the activation energy with 

the reaction energies for the cyclic dienes. The results are given in Figure 6.7.  

 

Figure 6.7. Plot of ∆Grxn vs. ∆G‡ for the reaction of ethylene with the cyclic dienes.  
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 Within each set of heterocycles, the 1-azadiene is higher in activation and 

reaction free energies by 12–14 and 17–20 kcal mol–1, respectively, compared to the 2-

azadiene. The 1-azadienes 3 (isoxazole), 12 (isothiazole), and 15 (pyrazole) (the three 

black triangles furthest right in Figure 6.7) are predicted to be the least reactive in DA 

reactions.  

 We then compared the electronic energies of activation with the activation free 

energies for the cyclic dienes. The results are given in Figure 6.8. 

 

 

Figure 6.8. Plot of. ∆E‡ vs. ∆G‡ for the reaction of ethylene withal of the dienes in the 

study. 

 

 The activation free energies and the electronic energies of activation are strongly 

correlated among all of the dienes in this study; the energetics of these reactions are 
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heavily influenced by the electronic character of the dienes. We now can utilize the 

distortion/interaction (D/I) model to dissect the electronic energies of activation.  The 

D/I model is a method, previously developed by our group, of analyzing the activation 

energy (ΔE‡) into two components: the distortion (ΔEd
‡) and interaction (ΔEi

‡) energies.18 

The ΔEd
‡ is the energy required to distort the reactants into their respective TS‡ 

geometries. The ΔEi
‡ is a consequence of closed shell repulsions (sterics), occupied-

vacant orbital interactions, and polarization effects. Figure 6.9 shows that there is a 

reasonable correlation of activation energies with the distortion energies. 

 

 

Figure 6.9. ∆Ed
‡ vs. ∆E‡ for the reaction of ethylene with the dienes. 

 

 The ∆Ed
‡ for 1-aza dienes are 6–10 kcal mol–1 higher in energy to distort than 2-

aza- and no-azadienes, with exception of 9 (1-azabutadiene) having a lower distortion 
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energy by 2.7 kcal mol–1. The energy required to distort isoxazole (3) is 5.7 kcal mol–1 

higher than oxazole (2), and the energy required to distort 17 is an additional 5.0 kcal 

mol–1 (+11.0 kcal mol–1 higher than 1). It is significantly more difficult to distort 1-

azadienes as opposed to 2-aza-dienes or the parent heterocycles. 

  To explain the difference in diene ∆Ed
‡, we evaluated what bonds are being broken 

and formed in each DA reaction. We have worked out a set of isodesmic reactions for 

each aza-substituted diene in Figure 6.10. 

 

 

 

Figure 6.10. (a) Expressions for bond changes in the DA reaction of ethylene with furan 

(1) and cyclopentadiene (4), (b) oxazole (2), and 3H-pyrrole (5), and (c) isoxazole (3) and 

2H-pyrrole (6). (d) The energy differences between these reactions can be expressed 

isodesmically. Computations were performed using M06-2X/6-311G(d,p). 
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 In DA reactions of dienes with no aza-substitutions, three double bonds are 

converted into two single bonds and one double bond (Figure 6.10a). When 2 and 5 

react with a, overall two C=C and one C=N bonds are converted to two C–C and one 

C=N (Figure 6.10b). Overall the reactions of 1, 2, 4 and 5 are fundamentally the same: 

a C=C bond is reduced to a C–C bond. The reaction of 3 and 6 with a differs in that a 

C=N and two C=C bonds are converted to one C-N, one C–C, and one C=C bonds 

(Figure 6.10c). Overall, the difference between these reactions can be written as an 

isodesmic expression (Figure 9d) that shows the endothermic formation of a C–N bond 

by 7.4 kcal mol–1. Conversion from a C=N to C–N bond is about 10 kcal mol–1 less 

favorable than conversion from a C=C to C–C bond. This property can be attributed as 

a penalty to reducing the electronegative nitrogen in isoxazole. As discussed by 

Pauling, Sanderson, and others, that bond energy can be proportional to the 

differences in electronegativity between the constituent atoms in the bond.28,29 

 Previously we observed that the product of the DA reaction of ethylene (a) with 

1-azabutadiene (9) is stabilized by conjugation of the nitrogen lone pair with the double 

bond, while for the cyclic 1-azadienes the lone pair is forced to be orthogonal to the 

double bond. To model the stabilizing effect of conjugation between the nitrogen lone 

pair and the double bond we have measured the rotational barrier of a nitrogen atom in 

a simple enamine, shown in Figure 6.11. 
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Figure 6.11. Energetics of rotation of the nitrogen lone pair out of conjugation in 

enamine, calculated using M06-2X/6-311G(d,p). 

 

 We find there is a 5.6 kcal mol–1 enthalpy cost to disrupt the nitrogen 

conjugation. The enthalpy cost of the loss of lone pair conjugation is present in all of 

the cyclic 1-azadienes. In the reaction of 9 and a, the enthalpic cost of reducing a C=N 

bond is partially counteracted by the stabilization of nitrogen lone pair conjugation.  

 While we have explained the anomalously low reactivities of 1-azadienes and 

the hetereocycles, we have not compared the relative reactivities of the different 

classes of heterocycles (with X= NH, O, or S). We now discuss the relationship of the 

reactivities of different heterocycles to the aromaticity of the reactants. Aromaticity can 

be quantified in many ways, the aromatic stabilization energy (ASE) is the energy 

gained from compounds that are cyclic and have fully conjugated 4n+2 π electrons.30,31 

For five-membered heterocycles, Schleyer et al. devised a homodesmic scheme for 

calculating the ASE.31 Figure 6.12 shows ∆Grxn for the DA reaction of the cyclic dienes 
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(1-6 and 10-15) with ethylene (a) versus aromaticity (ASE) of the diene. As aromaticity 

increases, the energy of reaction increases, due to the greater cost of eliminating 

aromaticity in the diene. 

 

 

Figure 6.12. ∆Grxn versus diene aromaticity (ASE). 

 

6.5 Conclusions 

 The reaction and activation energies of the DA reactions between the furan, 

cyclopentadiene, butadiene, thiophene and pyrrole based dienes with a and b have 

been investigated using DFT. The significant difference between the reactivities of 1-

aza- and 2-azadienes is primarily attributed to the enthalpically less favorable addition 

to a C=N in the 1-azadienes than to a C=C in 2-azadienes. Nitrogen is more 

electronegative than carbon, therefore it is energetically more favorable for the nitrogen 
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to retain s-orbital character. In the 1-azadiene reactions, the nitrogen loses s-orbital 

character, while in the 2-azadiene reactions the nitrogen keeps its s-orbital character. 

In cyclic 1-azadienes there is an additional enthalpic penalty caused from the loss of 

conjugation of the nitrogen lone pair at the bridgehead position, which is not present in 

1-azabutadiene (9). Activation and reaction energies increase with respective diene 

aromaticity.  Dienes that are endergonic with the dienophile ethylene (a) also are 

endergonic with fumarontirile (b). Reactions with dienes 4, 5, 7, 8, and 9 should be 

facile at room temperature, and dienes 1, 2, 6, 10, and 11 can occur at elevated 

temperatures. Dienes 3, 12, 13, 14, and 15 will not be reactive. 
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