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Organic semiconductors have shown promise not only as alternative materials for silicon-

based devices, but also as a gateway to a new paradigm of printable, biocompatible, wearable, 

and generally ubiquitous electronics. Considerable research effort has been devoted to 

elucidating structure-function relationships and charge transport phenomena in organic materials 

at the sub-20 nm length scale, where various key device-relevant electronic processes occur. 

However, the construction of precisely defined model systems at these length scales, which 

emulate the properties of π-stacked or single molecule organic semiconductors remains as an 

important unmet challenge. To address this challenge, we have developed novel methodology for 

constructing length- and sequence-controlled molecular wires that can self-assemble into well-

defined interfaces for charge transport studies. We have characterized the electronic structure 

and charge transfer dynamics at these interfaces with various techniques, including 

electrochemistry, synchrotron-based spectroscopy, and scanning tunneling microscopy. Our 

findings hold broad general relevance for understanding structure-function relationships in 

arbitrary organic electronic materials, nanoscale charge transfer phenomena at device-relevant 

organic/inorganic interfaces, and electrical conductivity in biological and bioinspired systems. 
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CHAPTER 1 Introduction and Background 

 
1.1: Motivation 

Field-effect transistors represent the fundamental active element in essentially all 

modern electronics.  To meet increasing processing demands, the electronics industry has 

been shrinking transistors to fabricate denser microprocessors (Figure 1.1).1  However the 

approaching length scales lie outside of the limits of current lithographic/top down 

methodologies, and bulk silicon’s electronic performance degrades at these scales.2 

Researchers have begun exploring alternative device concepts (Figure 1.1, 2011 variant), 

as well as new semiconductor materials.  

	
Figure 1.1: Shrinking down electronics to make better transistors.  Smaller lengths are getting difficult to 
access, optimization entertained along other avenues: new device concepts and materials.1 

 

Organic semiconductors (OSCs) show promise not only as alternative materials 

for silicon-based electronics, but also as a gateway to a new paradigm of seamlessly 

integrated and ubiquitous electronics.  Pi-electrons in conjugated carbon-based materials 

can be delocalized over very long lengths if the geometry of the molecular structure 

allows continuous orbital overlap, providing a significant level of conduction.3 The 



materials are more flexible and biocompatible, paving avenues for wearable electronics, 

the internet of things paradigm, and transistors that can interface directly with active 

biological systems. In addition, solution-phase processing affords very scalable and 

convenient deposition onto a variety of substrates, enabling appearances and 

presentations that facilitate market entry, large area roll-to-roll processing, inkjet-

printable circuitry, and more.  Finally, one isn’t just limited to the silicon atom—there are 

a variety of conjugated building blocks to choose from, allowing one to conveniently tune 

the electronic properties and control the self-assembly of the molecules into various 

designer materials for specific device applications (Figure 1.2).4  

	
Figure 1.2: A variety of building blocks are available for self-assembling carbon-based semiconductor 
materials. 

 

Many issues in understanding charge transport in organic systems arise from 

synthetic difficulties with accessing the 1-10 nm length regime at which important 

device-related electronic processes (Figure 1.3A, right) occur. Most studies are either 

done on single molecules in solution, polymers in solution, or bulk films, but the 1-10 nm 

length regime occurs in between these two states, whereby a molecule transitions into a 

material (Figure 1.3A, left)5-7. Typical bulk assembly strategies lead to ambiguous device 

Self-Assembly
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device configurations, whereby buried interfaces, simultaneous charge transport along 

both axes of the π-system and across multiple length scales, and other factors occlude 

definitive structure-property correlations when performing fundamental studies (Figure 

1.3B)4, 7-12. One can imagine resolving these issues by taking one-dimensional cutouts of 

conjugated carbon along either axis of the pi-system. The cutouts would require 1) length 

and sequence control in the 1-10 nm length regime and 2) controlled terminal 

functionality for well-defined device assembly (Figure 1.4). The sequence-control would 

be particularly useful for later investigations, whereby typical semiconductor templates 

could be built into the wire, and macromolecular consequences to sequence-variation 

could be examined for further structure-property relations at the bulk level. 

 
Figure 1.3: (A) Many important device-relevant electronic processes occur in the 1-10 nm length regime, 
whereby a molecule transitions into a material. (B) Organic materials can difficult to study in traditional 
bulk device configurations, due to the inherent duality in pi-conjugated charge transport, buried interfaces, 
multiple length scales, and other fabrication related factors.4 
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Figure 1.4: One can imagine clarifying the fundamental study of carbon-based charge transport by taking 
graphene cutouts along the two primary axes of charge transport, and furnishing precisely controlled 
molecular wires in the 1-10 nm length regime. 
 

1.2: Overview of the Dissertation 

This dissertation outlines the development of novel synthetic methodologies for 

developing length- and sequence-controlled molecular wires, which act as model systems 

for understanding the two incarnations of carbon-based charge transport: along the π-

plane and through the π-stacking axis (Figure 1.4).  

Chapters 2-6 detail studies through the π-stacking axis. In chapter 2, the viability 

of incorporating PTCDI into a stacked, DNA-like motif and forming redox-active 

monolayers is explored. We find that when incorporated into DNA duplexes, the PTCDI 

acts as a reliable, quasi-reversible redox probe mediated by the DNA base par stack. In 

chapter 3, we investigate the ability of alkylthiol backfilling to control the structural order 

at the organic-inorganic interface composed of DNA-templated PTCDI molecules and the 

consequences thereof to charge-transfer dynamics. We find that backfilling does indeed 

order the molecules in the monolayer into well-defined interfaces with a monodisperse 

preferential orientation, and enhances the rate of charge transfer across the interface. In 

chapter 4, we use theory to explore the self-assembly of longer DNA-templated PTCDI 

wires, and find that they self-assemble into pi-stacked configurations on the order of 

nanoseconds, with the final geometry being dictated by electrostatic interactions between 

e-
e- Across	the	π-plane	 Through	the	π-planes	
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the PTCDI moieties. In chapter 5, we form monolayers with these longer wires and 

discover an unexpected length-independence of the charge transfer rate constant, which 

we rationalize with density-functional theory (DFT) calculations. In chapter 6, we probe 

deeper into the charge transfer dynamics in these monolayers using resonant 

photoemission, and find that charge transfer from the PTCDI occurs on the order of 

femtoseconds, and occurs more rapidly as the wires increase in length. We also 

rationalize this trend with DFT calculations. Altogether, the methodology developed in 

chapters 2-6 for forming length- and sequence-controlled wires from arbitrary planar 

semiconductors and studying their intrinsic properties at well-defined interfaces opens up 

an unprecedented playground for the systematic exploration of structure-function 

relationships in pi-stacked organic semiconductors, and has already gained insight into 

the consequences of precisely controlled pi-stacking systems. 

Chapters 7-11 detail studies along the π-plane. In chapter 7, a Povarov-based 

methodology is developed for forming modular, conjugated polyquinolines with 4,6 

connectivity via an AB-type self-polymerization. In chapter 8, this methodology is built 

upon to form sequence-controlled nitrogen-doped GNR precursor polymers, as well as 

length-controlled oligomers in the 1-10 nm length regime. In chapter 9, we explore the 

modularity of these potential GNRs by chemically modifying the benzoquinoline subunit 

of the precursor. We observe that the electronic structure can indeed be tuned by 

chemical modification, and the HOMO-LUMO gap in particular can be controlled by 

twisting the pendent phenyl moieties out of plane. In chapter 10, we expand our 

methodology to polymerize and cyclodehydrogenate nitrogen-doped GNRs of unique 

edge structure on a gold surface with in-situ synchrotron and scanning-tunneling probe 
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characterization. 
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CHAPTER 2 Electrochemistry of DNA Monolayers Modified With 

a Perylenediimide Base Surrogate 

 

2.1: Abstract 

Electrochemistry of self-assembled DNA monolayers represents an attractive 

strategy for understanding the intrinsic properties of DNA and for developing DNA-

based sensors. Thus, there is much interest in the discovery and characterization of new 

redox active probes for application in DNA-based technologies. Herein, we report a 

detailed study of the electrochemical properties of the perylene-3,4,9,10-tetracarboxylic 

diimide base pair surrogate when incorporated at various positions within a DNA 

monolayer. We demonstrate that the redox chemistry of this perylenediimide probe is 

mediated by the DNA base pair stack, dependent on its location within the DNA 

monolayer, and thermally activated. The electrochemical properties and general synthetic 

flexibility of the perylenediimide base pair substitute portend favorably for applications 

in assays that leverage DNA-mediated charge transport. 

2.2: Introduction 

Electrochemistry of DNA-modified surfaces represents an attractive methodology 

for exploring the properties of DNA and for developing DNA-based sensors.1-13 In a 

typical experiment, DNA monolayers are formed via covalent or non-covalent self-

assembly of redox probe-labeled DNA duplexes at solid substrates.1-13 Subsequently, the 

electrochemical properties of these monolayers are investigated with standard 

voltammetric techniques.1-13 An analysis of the resulting measurements provides 

invaluable insight into either the intrinsic electronic3,10,13 or mechanical7,9 properties of 
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DNA. Furthermore, DNA monolayers readily lend themselves to biological sensing 

applications by facilitating the electrical monitoring of a wide range of DNA binding 

agents, including proteins, nucleic acids, and small molecules.1-13 Consequently, much 

research effort is focused on the improvement and optimization of DNA-based 

electrochemical platforms.1-13 

The specific choice of redox probe represents a crucial consideration in 

electrochemical assays that leverage the charge transport properties of DNA.5,10,13 The 

desirable features of an “ideal” redox active DNA-bound probe include synthetic 

accessibility, tunable electronic properties, ready incorporation at arbitrary positions in an 

oligonucleotide, and stability over a wide temperature range when conjugated to 

DNA.5,10,13 Moreover, the redox probe must be electronically well coupled with the DNA 

base pair stack.5,10,13 Within this context, numerous redox active molecules have been 

employed for the study of DNA-mediated charge transfer, including ferrocene 

derivatives,14-19 various anthraquinones,20-25 phenazines such as methylene blue,26-34 

phenoxazines such as Nile blue and Redmond Red,35-42 and anthracyclines such as 

Daunomycin.43-46 However, none of these covalently-bound probes have proven to be 

“ideal,” primarily due to either poor coupling with the DNA base pair stack or significant 

DNA sequence context restrictions. Thus, there remains a need for the development and 

characterization of improved redox probes for the study of charge transfer in DNA 

monolayers. 

 Recently, Wagenknecht and coworkers reported a series of perylene-3,4,9,10-

tetracarboxylic diimide phosphoramidites for incorporation in DNA as base surrogates.47-

52 Such perylene derivatives are advantageous because their redox properties can be tuned 
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via substitution of the aromatic core, they can be placed in arbitrary positions within 

DNA duplexes, and they are strongly coupled to the adjacent base pairs through non-

covalent π-stacking interactions.47-56 To date, these molecules have proven advantageous 

for a number of applications, including the photophysical interrogation of DNA 

structure/function,48,49,51 the assembly of higher order DNA ensembles,52,54 and the study 

of charge transfer in DNA hairpins.53,55,56 However, these perylenediimide base 

surrogates have not yet been employed for the electrochemical study of DNA-mediated 

charge transport. 

Herein, we present a detailed investigation of the electrochemical properties of 

perylenediimide-modified DNA monolayers. When incorporated within DNA, the 

perylenediimide probe displays reversible redox chemistry typical of a surface bound 

species. The yield of charge transfer from the electrode to the DNA-bound 

perylenediimide is attenuated by the presence of an intervening DNA base pair mismatch. 

In addition, the rate of electron transfer to the distal perylenediimide is inversely 

dependent on the probe’s distance from the electrode surface, indicating a hopping-type 

charge transport process. The notion of hopping transport is further corroborated by an 

Arrhenius-type dependence of the electron transfer kinetics on the temperature. Overall, 

our results and analysis indicate that the reported perylenediimide-DNA constructs 

behave as single redox active units, making them well suited for DNA-based 

electrochemical assays. 

2.3: Results and Discussion 
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Figure 2.1: (A) Illustration of DNA duplexes bound to gold surfaces through a thiol linker and featuring a 
perylenediimide redox probe at distinct positions within the DNA base pair stack. The DNA duplexes are 
labeled as P4, P9, P13, P17, and P17-MM, with the numbering corresponding to the placement of the 
probe within the DNA sequences. MM indicates the presence of a CA mismatch. (B) The specific 
sequences corresponding to the DNA duplexes of part (A). The P denotes the position of the 
perylenediimide redox probe, and the underscore denotes the position of an abasic site. The CA mismatch 
is colored red.  
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Figure 2.2: (A) Illustration of a multiplexed, 16-electrode, 4-quadrant DNA chip featuring monolayers 
from the P4, P9, P13, and P17 DNA duplexes. (B) Typical cyclic voltammetry (CV) for DNA monolayers 
from the P4 (red), P9 (green), P13 (black) and P17 (blue) DNA monolayers at a scan rate of 13 V/s.  
 

 

Figure 2.3: (A) Illustration of a multiplexed, 16-electrode, 4-quadrant DNA chip featuring mismatched 
P17-MM DNA monolayers (left) and well matched P17 DNA monolayers (right). (B) Typical square wave 
voltammetry for the P17 (blue) and P17-MM (red) DNA monolayers at a frequency of 40 Hz.  
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For our experiments, we designed and prepared the DNA duplexes illustrated in 

Figure 2.1. The DNA duplexes consisted of two complementary 17-mer oligonucleotides: 

one modified with a single perylenediimide moiety at a specific position and another 

modified with a thiol at its 5′ terminus (Figure 2.1). The thiol-modified oligonucleotides 

specifically incorporated an abasic site opposite the perylenediimide of the 

complementary strand, facilitating the stacking of the perylenediimide and the 

neighboring DNA base pair stack (Figure 2.1). These hybridized duplexes were self-

assembled into DNA monolayers on multiplexed gold electrodes in the presence of 

excess Mg2+. Such DNA monolayers are known to be densely packed, with the DNA 

adopting an upright orientation relative to the electrode surface.32-33,57-59 The dense 

packing of the DNA monolayers ensures that the electrochemical properties primarily 

reflect electron transfer mediated by the DNA base pair stack,3,10,13,35-40 rather than 

mechanical motion of the DNA.7,9,27-31  

We first investigated the electrochemistry of DNA monolayers from the P4, P9, 

P13 and P17 DNA duplexes illustrated in Figure 2.1, which incorporated the 

perylenediimide base surrogate at the 4th, 9th, 13th, and 17th base positions of the 

oligonucleotides, respectively. Figure 2.7 shows typical cyclic voltammograms obtained 

for monolayers from each of these sequences at a scan rate of 13 V/s. All of the 

monolayers displayed a redox couple that could be assigned to quasi-reversible reduction 

of the perylenediimide.60,61 For example, the midpoint potential of the P17 monolayer 

was -425 (± 2) mV vs. Ag/AgCl in phosphate buffer without spermidine;62 this potential 

corresponded to a perylenediimide LUMO energy of approximately -4.1 eV, in 

agreement with other experimental reports.60,61 Moreover, the P17 monolayer exhibited a 
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linear dependence of the cathodic peak current on the scan rate, indicative of a surface 

confined redox moiety (Supporting Information Figure S2.4). Notably, similar results 

were obtained for monolayers from the P4, P9, P13, and P17 DNA duplexes (Supporting 

Information Figure S2.4 and Figure 2.2). Altogether, our observations indicated that our 

electrochemical signals were due to a surface-bound perylenediimide redox probe.  

We next investigated the electrochemistry of DNA monolayers featuring a 

terminal perylenediimide from both well-matched (P17) and mismatched (P17-MM) 

DNA duplexes (Figure 2.3). Here, square wave voltammetry (SWV) provided a measure 

of charge transport yield and facilitated the investigation of the influence of a single DNA 

mismatch by minimizing background capacitive contributions to the current.62 For 

monolayers from the well-matched P17 DNA, we observed the perylenediimide 

reduction with an average peak height of 190 (± 40) nA over 16 electrodes (Figure 2.3). 

For monolayers from the mismatched P17-MM DNA, the average peak height was 140 

(± 40) nA over 16 electrodes (Figure 2.3). The monolayers from the mismatched DNA 

duplexes exhibited a 1.4 fold decrease in peak current relative to the well-matched DNA 

duplexes. This observation was consistent with a greater DNA charge transfer yield 

through the more thermodynamically stable well-matched DNA bridge, in excellent 

agreement with previous observations for analogous systems.39-40 The clear mismatch 

dependence demonstrated that charge transfer in our DNA monolayers was indeed 

mediated by the DNA base pair stack. 

We subsequently compared the voltammetry obtained for monolayers from the 

P4, P9, and P13 DNA duplexes, which all featured a perylenediimide probe at an internal 

position. Figure 2.4A illustrates the square wave peak height as a function of the distance 
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between the gold electrode surface and the DNA-bound perylenediimide probe. This 

measurement provided an estimate of the efficiency of charge transport between the 

electrode and the distal perylenediimide, as mediated by the intervening DNA base pair 

stack. The peak current and, thus, the transport efficiency, increased in the order P4 > 

P13 > P9, which did not track the relative proximity of the perylenediimide probes to the 

electrode. However, the square wave peak current did track the relative stability of the 

perylenediimide-modified DNA duplexes. As illustrated in Figure 2.4B, the peak current 

increased with the duplex melting temperature, in agreement with previous findings for 

Nile blue-modified DNA monolayers.39,40 This dependence of the charge transfer 

efficiency on the stability of the DNA bridge further supported the notion that charge 

transport was mediated by the DNA base pair stack  

We next evaluated the electron transfer rates for all of our DNA-bound 

perylenediimide redox probes via Laviron analysis of cyclic voltammograms obtained at 

various scan rates.63 Figure 2.5 displays the results for DNA monolayers from the P4, P9, 

P13, and P17 DNA duplexes. We recorded electron transfer rates in the range of 25 to 40 

s-1, in agreement with previous reports for covalently bound and electronically well-

coupled Nile blue- and anthraquinone-labeled DNA monolayers.24,38 These observations 

indicated that the perylenediimide probe was also intimately coupled to the DNA base 

pair π-stack, with the perylenediimide-DNA construct effectively functioning as a single 

discrete redox-active unit.  
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Figure 2.4: (A) Average square wave voltammetry peak height as a function of the distance of the 
perylenediimide probe from the electrode surface for monolayers from the P4, P9, and P13 DNA duplexes. 
The measurements were obtained at a frequency of 40 Hz. (B) Average square wave voltammetry peak 
height as a function of the melting temperature for the P4, P9, and P13 DNA duplexes. Each data point 
corresponds to the average of 4 chips (16 electrodes), and the error bars correspond to the standard error of 
the mean between chips. 
 

	
Figure 2.5: Electron transfer rate as a function inverse probe distance through monolayers from the P4, P9, 
P13, and P17 DNA duplexes. The electron transfer rate was extracted from Laviron analysis.63 Each data 
point corresponds to the average of 4 chips (16 electrodes), and the error bars correspond to the standard 
error of the mean between chips. The dashed line corresponds to a least squares fit of the data.  
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We in turn investigated the mechanism of electron transfer likely to be dominant 

for our DNA monolayers. Figure 2.5 shows the dependence of the electron transfer rate k 

on the distance L of the perylenediimide probe from the gold surface. We found that our 

experimental data could be fit with an equation of the form k ~ L−1, indicating that the 

electron transfer rate was inversely proportional to the probe-electrode separation (Figure 

2.5).64 These observations were in agreement with our previous findings for Nile blue-

modified DNA monolayers characterized under similar conditions.40 Thus, our data were 

consistent with a hopping-type charge transport mechanism for our perylenediimide-

modified DNA monolayers. 

To gain greater insight into the charge transport mechanism, we investigated the 

electrochemical properties of our DNA monolayers as a function of temperature. Figure 

2.6A illustrates typical square wave voltammetry obtained for a P17 DNA monolayer at 0 

°C and 30 °C. We observed a significant increase in the peak current and, presumably, 

the charge transport yield for the P17 DNA monolayer upon going from 0 to 30 °C. 

Moreover, the behavior of the P4, P9, P13, and P17-MM DNA sequences was nearly 

identical (data not shown). These measurements indicated that at higher temperatures, an 

increased fraction of our perylenediimide-modified DNA monolayers supported charge 

transport, in agreement with previous observations.39,40  

Finally, we extracted the dependence of the electron transfer rate constants on 

temperature for our DNA monolayers. As illustrated in Figure 2.6B for the P17 DNA 

sequence, a plot of the natural logarithm of the electron transfer rate as a function of the 

inverse temperature exhibited a linear Arrhenius-type dependence. By fitting our 

experimental data with an equation of the form k ∼ exp(−EA/kBT),65 we obtained an 
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activation energy (EA) of 160 meV; similar values were obtained for the P9, P13, and 

P17-MM monolayers (data not shown). These values were fully consistent with our 

previous observations for Nile blue-modified DNA monolayers,39,40 as well as with 

estimates of activation energies for AT-rich DNA.66,67 Overall, our data supported the 

notion of facile DNA-mediated hopping-type charge transport to the covalently attached 

perylenediimide redox probe.  

 

Figure 2.6: (A) Square wave voltammograms for a P17 DNA monolayer at temperatures of 0 °C (blue) 
and 30 °C (red). (B) An Arrhenius-type plot of the natural logarithm of the electron transfer rate as a 
function of the inverse temperature for P17 DNA monolayers. Each data point corresponds to the average 
of 4 chips (16 electrodes), and the error bars correspond to the standard error of the mean between chips. 
The dashed line corresponds to a least squares fit of the data. 
 
2.4: Conclusion 

We have characterized the electrochemistry of DNA monolayers covalently modified 

with a perylene-3,4,9,10-tetracarboxylic diimide base surrogate. The redox chemistry of 



18 

the perylenediimide probe is mediated by the DNA base pair stack, as confirmed by the 

sensitivity of the charge transfer yield to the presence of a single base pair mismatch. The 

rate of electron transfer to the distal DNA-bound perylenediimide is thermally activated 

and can be correlated with an inverse dependence on the electrode/probe separation, 

consistent with a hopping-type charge transport mechanism. Notably, the 

perylenediimide derivative is straightforward to synthesize, simple to incorporate at any 

position in arbitrary DNA sequences, and thermodynamically stable when integrated in 

DNA. Moreover, the perylenediimide redox probe is also well coupled to the DNA base 

pair stack, enabling the perylenediimide-DNA constructs to function as a single redox 

active unit. Such features make perylenediimides promising as redox probes for 

fundamental studies of DNA mediated charge transport and for assays that leverage this 

phenomenon. 

2.5: Supporting Information 

 

 

Figure S2.1: Schematic of the synthesis of the perylenediimide phosphoramidite S5. 
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Figure S2.2: (A) Typical HPLC chromatogram corresponding to the purification of the P9 oligonucleotide 
with the 4,4’-dimethoxytrityl moiety on. The gradient was evolved from 5% acetonitrile and 95 % 50 mM 
ammonium acetate, pH = 8 buffer to 75% acetonitrile and 25 % 50 mM ammonium acetate, pH = 8 buffer 
over 30 minutes. (B) Typical HPLC chromatogram corresponding to the purification of the P9 
oligonucleotide with the 4,4’-dimethoxytrityl moiety off. The gradient was evolved from 5% acetonitrile 
and 95 % 50 mM ammonium acetate, pH = 8 buffer to 15% acetonitrile and 85 % 50 mM ammonium 
acetate, pH = 8 buffer over the first 35 minutes. Then, the gradient was evolved from 15% acetonitrile and 
85 % 50 mM ammonium acetate, pH = 8 buffer to 50% acetonitrile and 50 % 50 mM ammonium acetate, 
pH = 8 buffer over the next 5 minutes and held at 50 % acetonitrile and 50 % 50 mM ammonium acetate, 
pH = 8 buffer for another 5 minutes. The P9 DNA sequence was 3’-TTCTATATPTCGTGCGT-5’, where 
the P indicates the location of the perylene. 
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Figure S2.3: Photographs of the custom built setup employed for temperature-controlled electrochemical 
measurements. (A) Photograph of the housing used for mounting chips featuring multiplexed gold 
electrodes. The clamped chip shown in the figure is connected to external electrochemical hardware 
through the mount. (B) Photograph of the test mount in a custom copper box (lid not shown). (C) 
Photograph of the copper box assembly when submerged in a temperature-controlled water bath, which 
maintained temperature uniformity over the entire electrochemical test assembly. 

 
Figure S2.4: Cyclic voltammetry peak current as a function of scan rate for the P4 (red), P9 (green), P13 
(black), and P17 (blue) DNA monolayers. The perylenediimide-modified monolayers all exhibited a linear 
dependence of the peak current on the scan rate, as expected for surface bound species. 

 
Figure S2.5. The absorbance of a P13 DNA duplex as a function of temperature. The plot displays a single 
melting transition. 
 

2.5.1: General Information and Procedures 
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Preparation of DNA Phosphoramidites. The phosphoramidites required for DNA 

synthesis were purchased from Glen Research, Inc. and used as received. The 

perylenediimide phosphoramidites were prepared according to established literature 

protocols (Figure S2.1).47-52 The identity and purity of the perylenediimide 

phosphoramidite and all intermediates required for its synthesis were confirmed by 1H 

NMR, 13C NMR, 13P NMR, and mass spectrometry. 

Synthesis of Oligonucleotides. All oligonucleotides were synthesized according to 

standard literature protocols on an Applied Biosystems (ABI) 394 DNA Synthesizer. 

Extended coupling times were used for the incorporation of perylenediimide 

phosphoramidites, as previously described.47-52 

Purification and Characterization of Oligonucleotides. All oligonucleotides were 

purified via two rounds of high performance liquid chromatography (HPLC) on a 

Shimadzu LC-20AD instrument outfitted with an SIL-20A autosampler and an SPD-

M20A diode array detector. In the first purification round, DNA oligonucleotides with 

the 4,4′-dimethoxytrityl group on were eluted on a gradient evolved from 5% acetonitrile 

and 95 % 50 mM ammonium acetate, pH = 8 buffer to 75% acetonitrile and 25 % 50 mM 

ammonium acetate, pH = 8 buffer over 30 minutes. In the second purification round, 

DNA oligonucleotides with the 4,4′-dimethoxytrityl group off were eluted on a gradient 

that evolved from 5% acetonitrile and 95 % 50 mM ammonium acetate, pH = 8 buffer to 

15% acetonitrile and 85 % 50 mM ammonium acetate, pH = 8 buffer over the first 35 

minutes; from 15% acetonitrile and 85 % 50 mM ammonium acetate, pH = 8 buffer to 

50% acetonitrile and 50 % 50 mM ammonium acetate, pH = 8 buffer over the next 5 

minutes; and finally, held constant at 50 % acetonitrile for another 5 minutes. Typical 
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corresponding HPLC chromatograms are shown in Figure S2.2. The identity of the 

desired products was confirmed by matrix assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-TOF) on a Shimadzu Axima Confidence mass 

spectrometer. 

Preparation of Duplex DNA. The oligonucleotides were quantified via UV-visible 

spectroscopy on a Beckman DU-800 UV-Visible spectrophotometer. Duplex DNA was 

prepared by mixing equimolar amounts of complementary strands and annealing the 

solution to 95 °C, followed by slow cooling to room temperature over a period of 90 

minutes. The formation of duplex DNA was verified by melting temperature analysis 

with temperature dependent absorbance measurements. 

Fabrication of Multiplexed Gold Electrodes. The chips featuring multiplexed gold 

electrodes for DNA self-assembly and electrochemical experiments were prepared as 

previously described.37-40 In brief, 1 mm thick Si wafers featuring a 10 000 Å thick oxide 

layer (Silicon Quest, Inc.) were patterned via a two-layer process. For the first layer, the 

gold electrodes were deposited by a lift-off technique. Initially, the wafers were cleaned 

thoroughly in 1165 Remover (Microchem, Inc.) to remove organic impurities. SPR 220 

3.0 photoresist (Microchem, Inc.) was spin-cast at 3000 rpm and baked. The photoresist 

was patterned with a Karl Suss MA6 contact aligner and a chrome photomask. Following 

post-exposure baking, the wafers were developed in AZ 300 MIF developer for 1 min 

and rinsed thoroughly with deionized water. A 100 Å Ti adhesion layer and a 1 000 Å Au 

layer were deposited on the chips via electron beam physical vapor deposition. The 

wafers were then immersed in Remover PG (Microchem, Inc.) overnight and sonicated to 

complete metal lift-off. Subsequently, the wafers were thoroughly baked and cleaned by 
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UV ozone treatment. For the second layer, SU-8 2002 photoresist was spincast onto the 

wafers at 3000 rpm, baked, and photopatterned as an insulator, thereby isolating the 

exposed gold working electrode areas from the contact pads. The wafers were then 

developed in SU-8 Developer (Microchem, Inc.) for 1 min and baked to permanently set 

the photoresist. Finally, the completed wafers were diced into 1-in. by 1-in. chips by hand 

with a diamond scribe and stored under vacuum. The resulting multiplexed electrodes 

allowed for the self-assembly of four distinct DNA monolayers, each with four fourfold 

redundancy, on a single chip/substrate, facilitating direct, unambiguous comparisons 

between different DNA monolayers. 

Self-Assembly of DNA Monolayers. The DNA monolayers were self-assembled onto 

gold electrode pads from a 5 mM phosphate, 50 mM sodium chloride, pH = 7 buffer 

solution supplemented with 50 mM Mg2+ over a period of 12 h to 18 h. The substrates 

were backfilled with mercaptohexanol for 1 h to remove nonspecifically bound DNA and 

then thoroughly rinsed with buffer to remove residual mercaptohexanol. 

Electrochemistry of DNA Monolayers. The multiplexed substrates were placed in a 

custom mount (Figure S2.3), which was connected to electrochemical testing hardware (a 

CH Instruments CHI750D Electrochemical Analyzer and CHI 684 Multiplexer). The 

electrochemical measurements were performed in 5 mM phosphate, 50 mM sodium 

chloride, pH = 7 buffer either with or without 4 mM spermidine. For experiments 

requiring temperature variation, the entire mount was placed in a previously reported 

custom copper enclosure, which was in turn submerged in a recirculating water bath 

(Figure S2.3).39-40 
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CHAPTER 3 The Influence of Interfacial Order on Charge 

Transfer in Monolayers from Ferrocene-Perylenediimide Dyads 

 

 

 

3.1: Abstract 

The performance of devices derived from organic materials (i.e. light emitting 

diodes, photovoltaics, and transistors) crucially depends on various charge transfer 

phenomena at their organic-inorganic interfaces (i.e. electron transfer, exciton 

dissociation, exciton generation, and many others). There are a variety of successful 

strategies for forming these organic-inorganic interfaces, but the degree of molecular 

disorder at the interface plays a strong role in these charge transfer processes, and is 

notoriously difficult to control and measure. It is therefore important to study and 

understand the influence of this disorder on charge transport at model organic-inorganic 

interfaces. To study this influence, we form ordered and disordered monolayers by using 

standard self-assembly techniques. We characterize these monolayers and investigate 

their CT dynamics using a combination of synchrotron-based X-ray spectroscopy and 

electrochemistry. When used in conjunction, these techniques cultivate a nuanced 

understanding of the influence of molecular order on interfacial charge transfer that 

would not be possible using either technique alone. Our findings hold significance for the 

development of improved organic-inorganic interfaces in organic electronic devices.  

3.2: Introduction 
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Organic semiconductors (OSCs) have witnessed tremendous advances within the 

past two decades.1-9 The performance of devices from OSCs (e.g. light emitting diodes, 

photovoltaics, and transistors) is often governed by charge transfer (CT) phenomena at 

their organic-inorganic interfaces (e.g. electron transfer, exciton dissociation, exciton 

generation, and many others).10-15 There are many strategies for assembling and studying 

these interfaces. Some prominent examples include the physical deposition of 

physisorbed monolayers16-21 or the self-assembly of chemisorbed monolayers onto 

inorganic surfaces, as seen with DNA- and ferrocene-alkane monolayers.22,23 However, 

these CT phenomena are particularly sensitive to the degree of molecular order (e.g. 

conformational, orientational) in the monolayer, which is often difficult to measure and 

control.16-23 It is therefore necessary to determine the influence of monolayer order on CT 

at these interfaces in order to rationally design organic electronic devices with precisely 

defined properties.  

A well-known OSC model system for studying charge transfer at organic-

inorganic interfaces is the perylene-3,4,9,10-tetracarboxylic diimide (PTCDI or perylene- 

diimide)24-36 which has also found ready applications as an industrial dye due to its 

tunable coloration and excellent stability.24,25 These molecules possess easily controlled 

electrochemical andphotophysical properties, and readily self-assemble into larger 

supramolecular structures.26-33. These desirable features have facilitated the fundamental 

study of charge transport phenomena as well asthe development of various organic 

electronic devices, such as transistors and solar cells.26-33 It is therefore not surprising that 

PTCDIs have already been used to study charge transfer at physisorbed organic-inorganic 

interfaces.34,35 However, PTCDIs are notorious for aggregating into larger structures, and 
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their assembly can often be difficult to control.  These drawbacks need to be addressed, 

because they hinder a deeper exploration of molecular disorder and its influence on 

interfacial CT. 

A particularly attractive assembly strategy for controlling the formation of 

PTCDI-based constructs and studying their CT properties involves incorporating the 

PTCDI into a DNA scaffold.36-46 The negatively charged DNA-like backbone mitigates 

aggregation, the scaffold geometry allows for controlled stacking, and the sequence 

control permits directed self-assembly. Consequently, numerous advancements in 

understanding these systems have been made in the past decade.36-46 Charge transport 

through hybrid PTCDI-DNA constructs has been studied by a variety of solution-based 

spectroscopic methods.36-42 The assembly dynamics of PTCDIs in these DNA scaffolds 

have also been explored, revealing π-stacked equilibrium conformations that assemble 

from disordered configurations on the order of nanoseconds.43 In the context of 

chemisorbed monolayers, PTCDIs have been integrated into arbitrary locations in DNA 

stacks, which have been self-assembled into ordered monolayers and studied 

electrochemically.44 Most recently, our group has harnessed an ethylene glycol 

functionality to self-assemble length-controlled PTCDI stacks equipped with 

electrochemical probes into ordered monolayers on gold without any aggregation or 

DNA duplex integration.45,46 We have studied ground state charge transport through these 

stacks as a function length using the electrochemical probe and discovered lossless 

conductivity.45 We have also studied excited state interfacial charge transfer from the 

stacks and found decreasing electron transfer times as a function of length at the 

femtosecond-level time scale.46 Therefore, DNA-templated PTCDIs represent an 
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excellent OSC model system to explore the influence of monolayer order on charge 

transfer at organic-inorganic interfaces. 

Herein, we use electrochemistry in conjunction with synchrotron-based 

spectroscopy to study the influence of monolayer order on charge transfer dynamics at 

model organic-inorganic interfaces. First, we form monolayers with and without 

backfilling via self-assembly of a DNA-inspired PTCDI-based macromolecule. We next 

probe our monolayers using a combination of XPS, NEXAFS, and cyclic voltammetry to 

elucidate structural differences between the monolayers and quantify their resulting 

ground-state charge transfer rates using built-in electrochemical probes. We corroborate 

these observations using synchrotron-based resonant photoemission (RPES) with the 

core-hole clock (CHC) technique to quantify the rate of excite state charge transfer from 

the PTCDIs at the interface. When used in conjunction, these techniques cultivate a 

nuanced understanding of the influence of molecular order on interfacial charge transfer, 

which would not be possible using either technique alone. Our findings hold significance 

for the development of improved organic-inorganic interfaces in organic electronic 

devices. 

3.3: Results and Discussion 

	
Figure 3.1: (A) Illustration and chemical structure of macromolecule P1. (B) Illustration of a disordered 
monolayer from macromolecule P1 without backfilling. (C) Illustration of an ordered, mixed monolayer of 
P1 and mercaptohexanol backfilling agent. 
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Figure 3.2: (A) Chemical structure of the non-backfilled monolayer. The atoms are colored to correspond 
to the signals in (B). (B) Typical phosphorous 2p, carbon 1s, nitrogen 1s, and oxygen 1s XPS spectra 
obtained for the non-backfilled monolayer. (C) Chemical structure of the backfilled monolayer. The atoms 
are colored to correspond to the signals in (D). (D) Typical phosphorous 2p, carbon 1s, nitrogen 1s, and 
oxygen 1s XPS spectra obtained for the backfilled monolayer.  

 

Figure 3.3: (A) Illustration of the non-backfilled monolayer, where a distribution of substrate-relative 
orientations (indicated by red and green arrows) is present. (B) Carbon K-edge NEXAFS spectra of the 
non-backfilled monolayer measured with the electric field polarized parallel (S-polarization, solid) and 
perpendicular (P-polarization, dashed) to the gold surface. The predicted theoretical spectrum is also shown 
(dashed black line). The regions that correspond to the LUMO and LUMO+1 are indicated with square 
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brackets. (C) Nitrogen K-edge NEXAFS spectra of the non-backfilled monolayer measured with the 
electric field polarized parallel (S-polarization, solid) and perpendicular (P-polarization, dashed) to the gold 
surface. (D) Illustration of the backfilled monolayer, where a monodisperse orientation (indicated by the 
green arrows) is present, and an ensemble preferential orientation relative to the substrate may be 
calculated. (E) Carbon K-edge NEXAFS spectra of the backfilled monolayer measured with the electric 
field polarized parallel (S-polarization, solid) and perpendicular (P-polarization, dashed) to the gold 
surface. The predicted theoretical spectrum is also shown (dashed black line). The regions that correspond 
to the LUMO and LUMO+1 are indicated with square brackets. (F) Nitrogen K-edge NEXAFS spectra of 
the non-backfilled monolayer measured with the electric field polarized parallel (S-polarization, solid) and 
perpendicular (P-polarization, dashed) to the gold surface. 
 
 

We began our studies by drawing from our previously reported DNA-inspired 

synthetic methodology to design the sequence-controlled model system illustrated in 

Figure 3.1. This macromolecule consists of a PTCDI building block with a hexaethylene 

glycol solubility chain appended to an alkane phosphodiester backbone, with alkanethiol 

and ferrocene functionalities at opposing termini.45,46 The incorporation of a negatively-

charged phosphate backbone and solubilizing hexaethylene glycol imide substituent 

facilitated processing and mitigated the possibility of intermolecular aggregation, as 

reported previously.45,46 We included the alkanethiol functionality to direct the formation 

of covalently bound self-assembled monolayers (Figure 3.1).45-52 These monolayers could 

be backfilled with mercaptohexanol to remove any non-specifically bound species and 

enforce an upright molecular orientation on the surface, as reported for analogous DNA 

and alkane ferrocene mixed monolayers.22,23,47-52 The terminal ferrocene redox probe 

allowed us to measure charge-transfer kinetics across the organic-metal interface.22,23,45 

We proceeded to construct this macromolecule using automated oligonucleotide 

synthesis and purification techniques and use it to form monolayers with and without 

backfilling, (see Supporting Information for details).36-45,53,54 We hypothesized that these 

multi-functional, precisely defined organic-inorganic interfaces could be used to compare 
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the charge-transfer dynamics of ordered and disordered monolayers using a suite of 

complementary spectroscopic and electrochemical measurements. 

We initially investigated the chemical compositions of our monolayers with X-ray 

photoemission spectroscopy (XPS), a surface-sensitive technique that can map the 

occupied energetic states of a material and distinguish the chemical environments of that 

material’s constituent atoms.55,56 The chemical structures and concomitant typical XPS 

spectra are shown in Figure 3.2 for non-backfilled and backfilled monolayers. Both 

spectra showed clear signals at energies of 133.9 eV, 286.0 eV, 400.4 eV, and 533.0 eV, 

which were located within the phosphorus 2p region, the carbon 1s region, the nitrogen 

1s region, and the oxygen 1s region, respectively.52,57,58 Moreover, the carbon 1s region 

in both spectra featured multiple distinct peaks at energies of 285.2 eV, 286.7 eV, and 

288.2 eV, corresponding to the distinct chemical environments of the sp2- and sp3-bonded 

carbon atoms present in the monolayers.55,56,59 In analogous fashion, the oxygen 1s region 

featured two distinct peaks at energies of 531.7 eV and 533.0 eV due to the presence of 

both sp2- and sp3-bonded oxygen atoms in the monolayers.52,57,58 Importantly, while the 

ratios the carbon peak areas are different between the non-backfilled and backfilled 

monolayer spectra, the observed binding energies are unchanged, indicating no 

significant relative initial-state dispersity. After identifying the presence of the expected 

atoms and chemical environments, we fit the carbon 1s XPS peaks and compared their 

areas to verify the atomic stoichiometry (see Supporting Information Figure S3.2) for 

both monolayers. The integrated intensity ratio of the carbon peaks was completely 

consistent with the stoichiometry in the non-backfilled monolayer. In the backfilled 

monolayer spectrum, we notice a shift in the carbon peak intensity ratios, consistent with 
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the addition of mercaptohexanol to the monolayer. Our measurements quantitatively 

confirmed the expected chemical composition of both non-backfilled and backfilled self-

assembled monolayers.  

We proceeded to examine the molecular orientation of our monolayers with near 

edge X-ray absorption fine structure spectroscopy (NEXAFS), a surface-sensitive 

technique that can probe the unoccupied molecular states in surface-confined species 

with elemental specificity and determine their substrate-relative orientations.60,61 Typical 

partial electron yield spectra on the carbon K edge, which were obtained with the incident 

electric field parallel (S-polarization) and perpendicular (P-polarization) to the surface, 

are illustrated in Figure 3.3B and 3.3E for non-backfilled and backfilled monolayers. The 

π* resonances from both monolayers closely matched theoretical predictions for PTCDI-

based materials,62 allowing us to readily assign all of the observed peaks to specific core-

LUMO transitions.45,46 To extract the orientation of the monolayers, we chose the two 

characteristic doublets in the 284 eV to 286 eV energy range, which correspond to 

inequivalent carbon 1sàπ* transitions to the LUMO and LUMO+1 orbitals localized on 

the PTCDIs’ aromatic cores. By evaluating the dependence of these signals’ intensity on 

the polarization of the electric field (the dichroism), we were able to calculate the average 

tilt angle of the macromolecules relative to the substrate.46,60,61 When attempting this 

process for non-backfilled monolayers, we noticed that the two polarizations did not 

share the same signal pattern (Figure 3.3B). The LUMO+1 intensity ratio yielded 

preferred substrate-relative orientation of 61° ± 2°, whereas the LUMO intensity ratio did 

not yield a preferred ensemble orientation at all—the intensities were exactly equal, 

indicating a random orientation. This disagreement between the polarizations is 
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consistent with the presence of a small fraction of molecules oriented with the substrate 

normal (illustrated in Figure 3.3A).60 In contrast, when attempting this process for the 

backfilled monolayer, we found that the monolayer possessed an average tilt angle of  

61° ± 2° with respect to the substrate for both the LUMO and LUMO+1 excitation, 

indicating a monodisperse preferential orientation in the monolayer (Figure 3.3D and 

3.3E). These observations signified that the molecular orientation in the non-backfilled 

monolayer was more disordered than the backfilled analogue, and that a small population 

of molecules was oriented differently relative to the majority of those in the monolayer 

We sought to gain more nuanced insight into the molecular order difference 

between the non-backfilled and backfilled monolayers by performing NEXAFS 

measurements on nitrogen. In addition to the carbon K edge, a typical partial electron 

yield spectrum on the nitrogen K edge is shown in Figure 3.3C for the non-backfilled 

monolayer. This spectrum shows a dichroistic signal in the nitrogen 1sàπ* transition 

region between 398-405 eV, with a preferred substrate-relative orientation of 61° ± 2°, 

consistent with the results from the carbon K edge spectrum. However, there is an extra 

hump at 398.7 eV that has a reversed dichroism with preferred substrate-relative 

orientation in the p-polarization. This again indicates the possible presence of a small 

population of molecules in the non-backfilled monolayer positioned at a different 

orientation, presumably related to the non-specific amine adsorption commonly reported 

for analogous DNA-monolayers.52 The carbon and nitrogen K edge NEXAFS spectra, 

together with the corresponding XPS peaks (showing no initial-state dispersity), indicated 

that the non-backfilled monolayer had a higher level of disorder and final-state dispersity 

than the backfilled monolayer. Indeed, the type of polydispersity reported from both 
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atomic edges suggests the presence of a small population of non-specifically adsorbed 

molecules, as is commonly reported for analogous DNA and ferrocene alkane 

monolayers.47-52 

Having determined our monolayers’ chemical and structural compositions, we in 

turn interrogated their electrochemical properties with cyclic voltammetry (CV), a 

technique that allows us to evaluate the redox, electronic, and physical characteristics of a 

surface-confined species. Figure 3.4 shows a comparison of the typical cyclic 

voltammograms obtained for the non-backfilled and backfilled monolayers. Within the 

accessible potential window, we observed a reversible redox couple at ~ 0.51 V vs. 

Ag/AgCl for the non-backfilled monolayer, which we attributed to the terminal ferrocene 

probes (Figure 3.4B, and Supporting Information Table S3.1). 22,23, 45, 63-65 Furthermore, 

Figure 3.4C shows the linear dependence of the anodic peak current on the scan rate, 

demonstrating that all measured redox activity occurred on the surface, and any 

discrepancies in the cyclic voltammograms signified effects from altered monolayer 

configurations.23,66 The surface coverage of  ~26.2 pmol/cm2 as calculated from the 

anodic wave (Supporting Information Table S3.1) was smaller than the estimated 

maximum coverages of ~ 300 and ~ 450 pmol/cm2 for DNA and ferrocene-terminated 

alkanethiol monolayers, respectively.67,68 In addition, the full width at half maximum 

(FWHM) of 0.143 V was greater than the ideal value of ~ 0.09 V (Supporting 

Information Table S3.1). These metrics suggested a relatively dilute monolayer, likely 

due to the presence of repulsive electrostatic interactions between our constructs’ 

negatively charged backbones.23,66 The backfilled monolayer showed similar reversible 

redox couples and coverages to the non-backfilled monolayer, at values of 0.53 V vs. 
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Ag/AgCl and ~ 24.1 pmol/cm2 respectively, as well as a linear scan rate dependence of 

the anodic peak current (see Supporting Information Table S3.1, Figure 3.4E and 3.4F). 

The FWHM of the redox couple in the backfilled monolayer was 0.128 V, which is also 

greater  than the ideal value of ~ 0.09 V. However, it is significantly narrowed relative to 

the non-backfilled monolayer, which indicates a higher level of molecular order, 

consistent with our NEXAFS analysis. Altogether, our CV measurements confirmed the 

spectroscopic observation that the backfilling treatment induced order in the monolayer. 

  
Figure 3.4: (A) Illustration of the non-backfilled monolayer during ferrocene oxidation. (B) Typical cyclic 
voltammogram of ferrocene for the non-backfilled monolayer. (C) Representative plot of the anodic peak 
current as a function of scan rate for the non-backfilled monolayer. Parts D-F are analogous to A-C, but for 
the backfilled monolayer. 

We further analyzed the cyclic voltammograms to investigate the consequences of 

this ordering on interfacial ground-state CT from the ferrocene probe for the different 

monolayers. We performed this analysis using the Laviron approach, which allows us to 

quantify charge-transfer kinetics from the ferrocene redox probe to the underlying gold 

substrate (see Supporting Information for details).23,69 Both monolayers show similar 
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charge transfer rate constants, with 753 ± 178 s-1 in the disordered non-backfilled 

monolayer and 817 ± 128 s-1 in the ordered backfilled monolayer. While the enhanced 

monodispersity and structural order in the ordered monolayer is expected to improve the 

efficiency of interfacial charge transport,22,23,47,66 the ground-state charge transfer rate 

constants do not show a significant difference outside of their calculated standard 

deviations. We speculated that low-lying ferrocene moieties from non-specifically 

absorbed molecules in the disordered monolayer  (illustrated in Figure 3.4A) might have 

counteracted an ordering effect on the overall CT rate when measured from the ferrocene. 

We could therefore corroborate these measurements by evaluating the CT rate from the 

PTCDI in addition to the ferrocene. 

	
Figure 3.5: (A) Illustration of the disordered monolayer during resonant photoemission measurements on 
the C K-edge. (B) A two-dimensional plot of the RPES intensity versus the photon energy and electron 
binding energy for the disordered monolayer. The blue dashed line marks the photon energy at which a 
carbon 1s electron is promoted to the LUMO+1, corresponding to the blue trace in part (C). (C) A one-
dimensional plot of the RPES intensity versus the electron binding energy for the disordered monolayer, 
corresponding to the photon energy marked by the dashed line in (B). (D) Illustration of the ordered 
monolayer during resonant photoemission measurements on the C K-edge. (E) A two-dimensional plot of 
the RPES intensity versus the photon energy and electron binding energy for the ordered monolayer. The 
red dashed line marks the photon energy at which a carbon 1s electron is promoted to the LUMO+1, 
corresponding to the red trace in part (F). (F) A one-dimensional plot of the RPES intensity versus the 
electron binding energy for the ordered monolayer, corresponding to the photon energy marked by the 
dashed line in (E). 
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Figure 3.6: (A) Illustration of the disordered monolayer during resonant photoemission measurements on 
the N K-edge. (B) A two-dimensional plot of the RPES intensity versus the photon energy and electron 
binding energy for the disordered monolayer. The dashed and solid blue lines correspond to the dashed and 
solid blue lines in the one-dimensional (single photon energy) scan plot of the RPES intensity versus the 
electron binding energy for the same monolayer, plotted in (C). (C) The normalized RPES intensity profiles 
for the disordered monolayer. The data is extracted from the dashed and solid blue lines of the two-
dimensional RPES intensity plots shown in (B), corresponding to incident photon energies of ~400 and 401 
eV. (D) Illustration of the ordered monolayer during resonant photoemission measurements on the N K-
edge. (E) A two-dimensional plot of the RPES intensity versus the photon energy and electron binding 
energy for the disordered monolayer. The dashed and solid red lines correspond to the dashed and solid red 
lines in the one-dimensional (single photon energy) scan plot of the RPES intensity versus the electron 
binding energy for the same monolayer, plotted in (F). (F) The normalized RPES intensity profiles for the 
disordered monolayer. The data is extracted from the dashed and solid red lines of the two-dimensional 
RPES intensity plots shown in (B), corresponding to incident photon energies of ~400 and ~401 eV. 

We proceeded to interrogate excited state charge-transfer between the PTCDI and 

the underlying substrate to probe deeper into the consequences of interfacial order. For 

this purpose, we employed synchrotron-based resonant photoemission spectroscopy 

(RPES), a surface-sensitive technique that probes exciton delocalization times and, thus, 

charge transfer dynamics from targeted molecular orbitals with femtosecond (or even 

sub-femtosecond) temporal resolution.46, 70-75 We first performed RPES measurements for 

the disordered monolayers on the carbon 1s orbitals located in the aromatic core of the 

PTCDI moieties (Figure 3.5). The signal intensity as a function of both incident photon 

energy and Auger electron binding energy is shown in Figure 3.5B, respectively (a wider 
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photon energy range is shown in Supporting Information Figure S3.3). The plot displays 

a prominent peak for photon energies between 284 eV and 286 eV and binding energies 

between 2.2 eV to 5 eV along with a broad hump across the general Auger decay energy 

range (Figure 3.5B). Based on the NEXAFS spectra in Figure 3.3B, and literature 

precedent for PTCDIs, we unambiguously attributed the prominent peak to the resonantly 

enhanced HOMO resulting from participator decay of a carbon 1s core electron that had 

been promoted to the LUMO and/or LUMO+1.45,46,62,76,77 The two-dimensional RPES 

plot for the ordered monolayer showed similar Auger behavior, with a participator decay 

peak across the same photon and binding energy range as the disordered monolayer 

(Figure 3.5E, 3.5F, and Supporting Information Figure S3.4). These findings indicated 

that we could directly measure excite state charge transfer times for our monolayers, 

facilitating direct unambiguous comparisons of their interfacial charge transfer dynamics 

for disordered and ordered monolayers. 

We further analyzed the RPES plots using the core-hole clock method to 

investigate the consequences of ordering  on interfacial  excite state charge transfer times 

from the PTCDI for the different monolayers (see Supporting Information for details).72 

Figure 3.5C shows a one-dimensional plot of the RPES intensity versus the electron 

binding energy for the non-backfilled monolayer at a photon excitation energy of 285.7 

eV, specifically corresponding to the promotion of a carbon 1s core electron to the 

LUMO+1 (see the blue dashed line in Figure 3.5B, and the blue trace in Figure 

3.5C).45,46,62,76,77 By evaluating the intensity of the prominent participator decay peak at 4 

eV (see the Supporting Information for details), we extracted the excited electron 

delocalization rate and the associated charge transfer time of 29 ± 3 fs. When performing  
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this analysis for the ordered  monolayer (see the red dashed in Figure 3.5E and the red 

trace in Figure 3.5F), we extracted a CT time of 12 ± 2 fs, over twice as fast as that of the 

disordered monolayer.78,79 Thus, the more ordered, backfilled monolayer exhibited a 

significant reduction in electron delocalization time, suggesting that the enhanced 

structural order in the monolayer led to faster interfacial charge transfer from the PTCDI. 

We next performed RPES measurements for the disordered and ordered  

monolayers on the nitrogen 1s orbitals of the PTCDI macromolecules. The signal 

intensity as a function of both photon energy and electron binding energy for the 

disordered monolayer is shown in Figure 6B (a wider photon energy range is shown in 

Supporting Information Figure S3.3). At a photon energy of 401 eV, we observe two 

broad humps between binding energies of 10 and 45 eV, corresponding to participator 

decay and other Auger processes proceeding from the promotion of a nitrogen 1s core 

electron to the LUMO (dashed line in Figure 6B). However, at a photon energy of 400 eV 

(solid line in Figure 3.5B), there is second, less prominent peak with a binding energy of 

18 eV. While the ordered monolayer shares similar Auger behavior as the disordered 

monolayer at 401 eV it does not display the less prominent peak at 400 eV (Figure 3.4E). 

Figures 3.4C and 3.4F show one-dimensional plots of the RPES intensity versus the 

electron binding energy for the photon excitations shown in Figure 3.4B and 3.4E (blue 

and red lines, respectively) for a deeper analysis. While the excitation at 401 eV does 

indeed match well for both monolayers (Figure 3.4C and 3.4F, dashed lines), the 

excitation at 400 eV for the disordered monolayer shows a much stronger HOMO 

resonance at 18 eV than the ordered monolayer. This discrepancy suggests two 

possibilities: 1) there is a LUMO excitation common to both systems that delocalizes 
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faster in the ordered monolayer, or 2) there is an extra LUMO excitation event in the 

disordered monolayer due to its final-state effect from non-specifically bound species that 

does not occur in the ordered monolayer.70-75 Both possible conclusions are consistent 

with a monodisperse, ordered, backfilled monolayer that exhibits faster charge transfer 

than a disordered, non-backfilled monolayer with different initial states. 

 

3.4: Conclusion 

In summary, we have used electrochemical and resonant core-hole spectroscopic 

techniques to investigate the effect of interfacial order on charge-transfer dynamics at 

organic-inorganic interfaces. This analysis was significant for several reasons. First, the 

reported synthetic methodology employs straightforward, readily accessible bioconjugate 

chemistry techniques to prepare well-defined PTCDI-based nanostructures. In principle, 

this approach possesses few limitations and could be used to prepare a wide variety of 

well-defined organic-inorganic interfaces composed of arbitrary building blocks and 

backfilling agents with exquisite structural control and tunable charge-transfer dynamics. 

Second, our synergistic combination of electrochemical and spectroscopic techniques 

allows us to corroborate ground- and excite state charge-transfer dynamics between 

independent probing methods while monitoring structural, electronic, and chemical 

changes at the interface with exceptional chemical and temporal resolution. Such 

experimental flexibility underscores the value of our approach for the systematic study of 

interfacial charge transport phenomena. Altogether, our methodology holds broad 

significance within the context of molecular, organic, and biological electronics and may 
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afford unprecedented control in the fabrication of sophisticated bioinspired molecular 

electronic components. 

3.5: Supporting Information 

 

Figure S3.1: (A) Synthesis of perylenediimide phosphoramidite 3. (B) Automated synthesis of 
macromolecule P1. 

 
Figure S3.2: (A) Fitting of the C1s XPS peaks for the non-backfilled monolayer, showing simulated peaks 
(bottom), overlay of these peaks with experimental data (middle), and the subtraction curve between 
experimental and simulated curves (top). (B) Fitting of the C1s XPS peaks for the backfilled monolayer, 
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showing simulated peaks (bottom), overlay of these peaks with experimental data (middle), and the 
subtraction curve between experimental and simulated curves (top). (C) Table contrasting the expected 
ratio of C1s XPS peak areas to the experimentally measured ratio of C1s XPS peak areas in the non-
backfilled monolayer. (D) Table showing the  C1s XPS peak areas present in the backfilled monolayer. 
Note the ratios have changed, indicating a mixed monolayer. aThe expected peak area ratios were 
determined by acquiring the C1s binding energies of the different chemical environments in macromolecule 
P1 from the literature,S20-S25 and using the frequency of each environment in the molecular structure to 
calculate final ratios. bThe unknown molar ratio of mercaptohexanol to macromolecule P1 prevents the 
calculation of an expected C1s peak ratio. 

 
 
Table S3.1: Electrochemical properties of monolayers with and without backfilling. 

 

Figure S3.3: (A) Illustration of the non-backfilled monolayer. (B) A two-dimensional plot of the C1s 
RPES signal intensity versus the photon energy and electron binding energy for the non-backfilled 
monolayer. The red dashed line corresponds to the incident photon energy of 285.8 eV used in the results. 
(C) A two-dimensional plot of the N1s RPES signal intensity versus the photon energy and electron 
binding energy for the non-backfilled monolayer. 

 

Figure S3.4: (A) Illustration of the backfilled monolayer. (B) A two-dimensional plot of the C1s RPES 
signal intensity versus the photon energy and electron binding energy for the backfilled monolayer. The red 
dashed line corresponds to the incident photon energy of 285.8 eV used in the results. (C) A two-
dimensional plot of the N1s RPES signal intensity versus the photon energy and electron binding energy 
for the backfilled monolayer. 

Monolayer Feature Without Backfilling With Backfilling

Peak Current Ratio 1.03 (0.06) 1.02 (0.03)

Peak Width (V) 0.143 (0.014) 0.128 (0.006)

Surface Coverage (pmol cm-2) 26.2 (8.9) 24.1 (5.1)	

Charge Transfer Rate Constant (s-1) 753 (178) 817 (128)
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Figure S3.5: (A) Chemical structure of the small molecular PTCDI derivative 2’ used to form the 
multilayer. (B) Illustration of a multilayer from the small molecular PTCDI derivative. (C) A two-
dimensional plot of the signal intensity versus the photon energy and electron binding energy for the 
PTCDI multilayer. The red dashed line corresponds to the one-dimensional plot of the signal intensity 
versus the electron binding energy in D. (D) The normalized resonant participator intensity profile for 
PTCDI multilayer at an incident photon energy of 285.8 eV. 
 
3.5.1: Preparation of PTCDI Phosphoramidite 

 (S)-3-amino-1-(4,4’-dimethoxytriphenylmethyl)- 2-propanediol (1). Product 1 Figure 

S3.1A was synthesized according to established literature protocols.S2-S5 1H NMR (500 

MHz, CDCl3) δ 7.46 – 7.42 (m, 2H), 7.36 – 7.26 (m, 6H), 7.24 – 7.19 (tt, J = 7.25, 1.5 

Hz, 1H), 6.86 – 6.79 (apar dt, J = 9, 2.75 Hz, 4H), 3.79 (s, 6H), 3.78 – 3.72 (m, 1H), 3.17 

– 3.12 (d, J = 5.4 Hz, 2H), 2.85 – 2.80 (dd, J = 13.0, 4.0 Hz, 1H), 2.76 – 2.71 (dd, J = 13, 

7.0 Hz, 1H), 1.97 (br s, 3H); 13C NMR (125 MHz, CDCl3) δ 158.66, 144.97, 136.13, 

130.20, 128.30, 128.01, 126.98, 113.31, 86.28, 71.14, 65.67, 55.37, 44.56; ESI MS found 

416.14, 787.29, and 809.29 (M + Na, 2M + 1, 2M + Na).  

Precursor for the Perylenediimide Phosphoramidite (2). Product 2 and 2’ in Figure 

S3.1A were synthesized according to a established literature protocols.S4,S5  

(2) 1H NMR (500 MHz, CD2Cl2) δ 8.37 (dd, J = 18.2, 7.9 Hz, 4H), 8.16 (t, J = 8.5 Hz, 

4H), 7.54 – 7.49 (m, 2H), 7.40 – 7.35 (m, 4H), 7.33 – 7.27 (m, 2H), 7.25 – 7.17 (m, 1H), 

6.89 – 6.78 (m, 4H), 4.56 (dd, J = 14.4, 9.7 Hz, 1H), 4.39 (dt, J = 7.2, 3.7 Hz, 2H), 4.29 – 

4.24 (m, 2H), 3.85 – 3.81 (m, 2H), 3.76 (d, J = 1.2 Hz, 6H), 3.72 – 3.67 (m, 2H), 3.62 – 

3.51 (m, 16H), 3.49 – 3.46 (m, 2H), 3.31 (s, 5H), 3.18 (d, J = 6.5 Hz, 1H). 13C NMR (126 

MHz, CD2Cl2) δ 163.7, 163.1, 159.0, 145.5, 136.4, 133.8, 133.6, 131.0, 130.8, 130.5, 

A B C 

R= O O O O O O

D 
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128.8, 128.7, 128.5, 128.2, 127.1, 125.4, 123.0, 113.4, 86.4, 72.2, 70.8, 70.7, 70.5, 69.6, 

68.1, 66.3, 59.0, 55.6, 44.3, 39.8, 30.1. ESI MS Found 1067.36 (M + Na). 

(2’) 1H NMR (500 MHz, CD2Cl2) δ 8.24 (d, J = 7.9 Hz, 4H), 7.99 (d, J = 8.1 Hz, 4H), 

4.37 (t, J = 6.2 Hz, 4H), 3.83 (t, J = 6.1 Hz, 4H), 3.71 (dd, J = 5.7, 3.7 Hz, 4H), 3.66 – 

3.54 (m, 32H), 3.50 – 3.46 (m, 4H), 3.32 (s, 6H). 13C NMR (126 MHz, CD2Cl2) δ 163.4, 

134.2, 131.2, 129.1, 125.9, 123.3, 123.2, 72.4, 71.1, 71.1, 71.0, 71.0, 70.9, 70.8, 68.4, 

59.2, 39.9. ESI MS Found 969.36 (M + Na). 

Perylenediimide Phosphoramidite (3). Product 3 in Figure S3.1A was synthesized 

according to established literature protocols.S4,S5 1H NMR (600 MHz, CD2Cl2) δ 8.70 – 

8.34 (m, 8H), 7.61 – 7.05 (m, 9H), 6.86 – 6.67 (m, 4H), 4.67 – 4.50 (m, 1H), 4.45 – 4.39 

(m, 2H), 4.36 – 4.21 (m, 1H), 3.82 (t, J = 6.5 Hz, 2H), 3.75 (d, J = 2.3 Hz, 1H), 3.73 (s, 

2H), 3.70 (d, J = 5.0 Hz, 3H), 3.69 – 3.65 (m, 3H), 3.65 (s, 2H), 3.61 – 3.46 (m, 21H), 

3.32 (d, J = 1.6 Hz, 3H), 3.24 – 3.02 (m, 1H), 2.42 (td, J = 6.7, 3.7 Hz, 1H), 2.33 (t, J = 

6.6 Hz, 1H), 1.05 (dd, J = 11.9, 6.8 Hz, 6H), 0.98 (dd, J = 12.9, 6.8 Hz, 6H). 13C NMR 

(126 MHz, CD2Cl2) δ 163.7, 163.6, 163.6, 159.1, 159.0, 159.0, 158.9, 145.6, 145.5, 

136.7, 136.6, 136.4, 136.4, 134.7, 134.6, 134.6, 134.4, 131.5, 131.3, 130.7, 130.5, 130.5, 

129.5, 129.5, 128.7, 128.4, 128.3, 128.2, 127.1, 126.6, 126.5, 123.7, 123.6, 123.5, 123.5, 

123.4, 123.3, 118.3, 118.1, 113.6, 113.5, 113.5, 113.4, 113.4, 86.7, 86.7, 72.4, 71.2, 71.1, 

71.0, 70.9, 70.8, 70.2, 68.4, 66.2, 59.2, 59.0, 58.9, 58.8, 58.6, 55.7, 55.7, 55.6, 55.6, 45.8, 

45.8, 43.7, 43.6, 43.5, 43.4, 39.9, 24.9, 24.8, 24.8, 24.7, 24.7, 23.2, 23.2, 20.7, 20.6, 20.5, 

20.4. 31P NMR (243 MHz, CD2Cl2) δ 149.7 (d, J = 15.9 Hz). ESI MS Found 1267.52 (M 

+ Na). 

3.5.2: Construction of Molecular Wires 
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Macromolecule P1 was synthesized on solid support according to standard 

commercial protocols recommended by Glen Research, Inc. for an Applied Biosystems 

(ABI) 394 DNA synthesizer. The synthesis cycle was modified to omit the capping step 

and to use extended coupling times for the incorporation of both the thiol modifier C6 S–

S phosphoramidites and perylenediimide (PTCDI) phosphoramidites, as previously 

described.S2,S3 After synthesis, the macromolecules were cleaved from the support by 

treatment with aqueous ammonium hydroxide and purified via reverse phase high 

performance liquid chromatography (HPLC) on an Agilent 1260 Infinity system, 

equipped with an Infinity Series diode array detector. Macromolecule P1 was eluted with 

a gradient evolved from 40% solvent A and 60% solvent B to 0% solvent A and 100% 

solvent B over a period of 120 min at a flow rate of 1 mL/min (solvent A, 50 mM 

ammonium acetate, pH = 6 buffer; solvent B, methanol) on an Agilent ZORBAX Stable 

Bond Phenyl column. The ESI- MS data were obtained at the University of California, 

Irvine Mass Spectrometry Facility on a Waters LCT Premier electrospray time-of-flight 

instrument. The MALDI-TOF mass spectra of the macromolecules were obtained on an 

Applied Biosystems Sciex MALDI-TOF/TOF 5800 series mass spectrometer in 

reflectron negative mode, using a 349 nm Nd:YAG laser as the illumination source. The 

simulated MALDI-TOF and ESI- MS spectra were generated using AB Sciex Data 

Explorer. Representative HPLC chromatograms and MALDI-TOF mass spectra for P1 

and other molecules are shown in section 5.5.  

3.5.3: Formation of Self-Assembled Monolayers 

Monolayers from macromolecule P1 were formed either on polycrystalline gold 

rod electrodes (Ø = 2 mm; CH Instruments) or 80 nm-thick gold films evaporated onto Si 
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(100) substrates (International Wafer Service) according to established protocols[S4,S5]. 

For the electrochemical experiments, the electrodes were cleaned before each experiment 

through sequential polishing with wet alumina slurries (Buehler; particle sizes: 1.0, 0.3, 

and 0.05 µm) on polishing cloth (Buehler). The electrodes were then sonicated, 

electrochemically etched, thoroughly rinsed with MilliQ water, and dried under argon. 

For the X-ray spectroscopy experiments, the films were cleaned with sequential 

sonication in acetone, isopropanol, and methanol. The macromolecules were self-

assembled onto either the gold electrodes or gold films from methanol over a period of 16 

to 24 hours. The monolayers were in turn backfilled with 1 mM mercaptohexanol, 

displacing non-specifically bound species. The monolayers were used for electrochemical 

and spectroscopic measurements either without backfilling or immediately after 

backfilling. 

3.5.4: X-Ray Spectroscopy Protocols 

X-ray spectroscopy experiments were performed at the ALOISA beamline of the 

Elettra Synchrotron in Trieste, Italy in an ultra-high vacuum end station.S6 During the 

experiments, the sample temperature was maintained at –60 °C, and the measurement and 

sample preparation chamber pressures were maintained at 10-11 mbar and 10-10 mbar, 

respectively. The backfilled monolayers and multilayers were characterized using X-ray 

photoelectron spectroscopy (XPS), near edge X-ray absorption fine structure 

spectroscopy (NEXAFS) and resonant photoemission spectroscopy (RPES). The XPS 

measurements were performed at a grazing-incidence angle of 4° using X-rays with an 

energy of 140 – 650 eV, a resolution ∆E = 60-200 meV, and an electric field vector 

perpendicular to the surface (P-polarization). The emitted photoelectrons were collected 
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with a hemispherical electron analyzer positioned normal to the sample at an acceptance 

angle of 2° and a pass energy of Ep = 10–20 eV (resolution ∆E/Ep = 1%). The energy 

scale for the XPS spectra was calibrated by aligning the Au 4f7/2
 peak of the Au substrate 

to a binding energy of 84 eV relative to the Fermi level. The NEXAFS measurements 

were performed in Partial Electron Yield mode at a grazing-incidence angle of 6° and 

with the high pass kinetic energy filter set to 250 eV. The resulting spectra were 

normalized with respect to the beam current measured on the gold coating of the last 

refocusing mirror. The RPES experiments were performed by taking XPS scans (0 to 50 

eV binding energy, Ep = 40 eV) at a series of incident photon energies across the entire 

range of the carbon (278 eV to 310 eV) and nitrogen (394 eV to 418 eV) K-edge 

ionization threshold. The surface was oriented at a grazing-incidence angle of 4˚ and in 

P-polarization, with a hemispherical electron analyzer positioned at 55° from the surface 

normal at an acceptance angle of 2°. The data obtained for all of the measurements was 

analyzed and processed according to established literature procedures.S7-S17 

3.5.5: Calculation of Charge-Transfer Times 

The charge transfer dissociation times !!" for the non-backfilled and backfilled 

monolayers were calculated according to established literature protocols.S5-S14 First, the 

photoemission intensity at energies below the C1s-LUMO excitation (the pre-edge) was 

subtracted from each of the corresponding 2D RPES plots. Then, line profiles at photon 

energies of 285.7 eV were extracted from the 2D spectra, yielding corresponding 1D 

spectra and facilitating direct comparisons between the resonant spectra at the 

C1sàLUMO+1 transition for the monolayers. Next, the inelastic electron emission was 

modeled as a Shirley-type background and subtracted from each of the 1D spectra. 
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Subsequently, the resonant spectra for the monolayers were normalized to the overall 

Auger intensity, enabling a quantitative analysis of the HOMO participator decay 

intensity quenching  (see Figure 3.4C and 3.4E in the main text and Figures S3.3 and 

S3.4). The participator intensities (Ip) of the valence band resonances for the monolayers 

with and without backfilling were then evaluated by integrating the peaks at a binding 

energy of 3.4 eV (i.e. the position of the HOMO peak), and the corresponding charge 

delocalization times were calculated by following the core-hole-clock approachS7-S17 via 

the equation:S7 

 !!" = !!"
!!"#$%&'

!!"#$%&'( − !!"#$%&'
 (1) 

 
where  !!" = 6 fs is the reported core-hole lifetime for carbon 1s,S18 !!"#$%&'( is the 

integrated participator intensity for a long-lived reference, and !!"#$%&' is the participator 

intensity for a mixed monolayer.S7 Here, in accordance with literature procedures, we 

assumed that all aromatic carbon atoms were equally coupled to their surroundings and 

employed a PTCDI multilayer, for which the constituent molecules were poorly coupled 

to their surroundings, as the long-lived reference (Figure S3.5). The calculations yielded 

charge transfer times of 12 ± 2 for the non-backfilled monolayer, and 29 ± 3 fs for 

backfilled monolayer. Note that the errors were calculated by including the signal-to-

noise ratio of the measured resonant spectra and the reported error of the C1s core-hole 

lifetime. 

3.5.6:  Electrochemistry Protocols 

 Cyclic voltammetry (CV) measurements for monolayers with and without 

backfilling from macromolecule P1 were performed in a standard three-electrode 
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electrochemical cell with a CHI832C Electrochemical Analyzer (CH Instruments). In a 

typical experiment, a gold rod electrode (CH Instruments) modified with the relevant 

mixed monolayer served as the working electrode, a coiled platinum wire (ThermoFisher) 

served as the counter electrode, and a commercial Ag/AgCl electrode (CH Instruments) 

served as the reference electrode. The electrochemical measurements were performed 

under an inert argon atmosphere in an aqueous 0.1 M sodium perchlorate, 2.5 mM 

sodium phosphate, pH = 7 buffer. The resulting cyclic voltammograms were evaluated 

according to established protocols.S4 

3.5.7:  Calculation of Electron Transfer Rate Constants 

The standard electron transfer rate constants k0 for monolayers with and without 

backfilling from macromolecule P1 were determined by following the Laviron approach 

for surface-bound redox-active species undergoing a reversible one-electron transfer 

process.S19 For each of the monolayers, cyclic voltammograms were collected at scan 

rates between 1 and 4000 V s-1, and the voltammograms that satisfied the criterion of 

kinetic overpotentials of η = (Ep – E0’) > 100 mV were used for the calculations. In this 

limiting regime, the dependence of the overpotential on the natural logarithm of the scan 

rate ln(v) is given by the equations: 

!!" − !!! =
!"

1− ! !" !" 1− ! !"
!"!!

+ !"
1− ! !" ln ! 

and 

!!" − !!! = − !"
!"# !" !"#

!"!!
− !"

!"# ln ! 

where Epa is the potential of the anodic peak, Epc is the potential of the cathodic peak, v is 

the scan rate, α is the electron transfer coefficient, kf  is the forward rate constant, kb is the 
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backward rate constant, R is the ideal gas constant, T is the absolute temperature, F is the 

Faraday constant, and n is the number of electrons transferred. These equations were used 

to formulate plots of the overpotential η versus ln v, which featured linear regions for 

overpotentials η of > 100 mV; The electron transfer coefficients α were obtained from the 

slope of the fits to the linear regions. The electron transfer rate constants k0 were obtained 

from the x-intercepts of the linear regions, which correspond to scan rates va and vc where 

η = 0 for the anodic and cathodic plots, respectively, and are defined by the equation: 

!! =
!"#!!
!" = 1− ! !"!!

!"  

The reported k0 values correspond to an average of the electron transfer rate constants 

obtained from the anodic and cathodic plots, which exhibited minor differences (< 50 s-1). 
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CHAPTER 4 Molecular Dynamics Simulations of Perylenediimide 

DNA Base Surrogates 

 

4.1: Abstract 

Perylene-3,4,9,10-tetracarboxylic diimides (PTCDIs) are a well known class of 

materials. Recently, these molecules have been incorporated within DNA as base 

surrogates, finding ready applications as probes of DNA structure and function. However, 

the assembly dynamics and kinetics of these PTCDI base surrogates have received little 

attention to date. Herein, we employ constant temperature molecular dynamics 

simulations to gain an improved understanding of the assembly of PTCDI dimers and 

trimers. We also use replica-exchange molecular dynamics simulations to elucidate the 

energetic landscape dictating the formation of stacked PTCDI structures. Our studies 

provide insight into the equilibrium configurations of multimeric PTCDIs and hold 

implications for the construction of DNA-inspired systems from perylene-derived organic 

semiconductor building blocks. 

 

4.2: Introduction 

Perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) derivatives constitute a well 

known and extensively studied class of organic materials.1-8 Due to their tunable 

coloration and excellent stability, these molecules have found ready applications as 

industrial dyes and pigments.1,2 Moreover, PTCDIs’ favorable electrochemical, 

photophysical, and self-assembly properties have facilitated not only the fundamental 

study of charge transport phenomena but also the development of various organic 
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electronic devices, such as transistors and solar cells.3-8 Consequently, a number of 

synthetic methodologies have been developed for modulating the properties of 

PTCDIs.2,7,8 For example, substitution of these molecules’ aromatic core and imide 

positions provides a degree of control over their electronic properties and self-assembly 

behavior, respectively.8 Thus, given the various advantageous features of PTCDIs, it is 

not surprising that these molecules have attracted much attention from both industry and 

academia for over 100 years.1-8 

Due to the widespread interest in the properties and applications of PTCDIs, these 

molecules have been investigated via computational techniques within certain 

contexts.5,9-14 For example, various studies have used density functional theory to 

establish relationships between the solid state packing and emergent electronic 

functionality of various substituted PTCDIs.5,9-13 Moreover, a handful of reports have 

used molecular dynamics simulations to understand the aggregation and assembly 

dynamics of PTCDI molecules both in solution and in the solid state.5,11-14 These efforts 

have afforded fundamental insight that is valuable for the design of improved PTCDI-

based materials. 

Recently, Wagenknecht and coworkers have developed a new class of PTCDI 

derivatives for use as artificial DNA base surrogates.15-20 Within the context of 

oligonucleotide synthesis, such derivatives are advantageous because they can be 

incorporated in arbitrary positions within the DNA base pair stack in high yield via 

standard automated phosphoramidite chemistry.15-20 To date, these molecules have been 

used for a number of applications, including the assembly of higher-order DNA 

ensembles,20-22 photophysical investigation of DNA structure/function,16,17,19 the study of 
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charge transfer in DNA hairpins,23-25 and the electrochemical interrogation of DNA 

monolayers.26 However, the assembly dynamics and kinetics of PTCDI DNA base 

surrogates have not been extensively explored via computational techniques.21,22 

Herein, we present a molecular dynamics study of multimeric PTCDI DNA base 

surrogates. We first design, synthesize, and characterize model oligonucleotides featuring 

one, two, and three covalently attached PTCDI moieties. We then parametrize the 

oligonucleotides’ PTCDI subunits and formulate an atomistic model of these compounds. 

We subsequently employ constant-temperature molecular dynamics simulations to 

develop an improved understanding of the assembly kinetics of PTCDI dimers and 

trimers. We in turn perform replica exchange molecular dynamics simulations to obtain 

the energetic landscape associated with ensembles of our stacked PTCDI structures at 

equilibrium. Altogether, our findings may hold implications for the design of DNA-

inspired systems and materials from not only PTCDIs but also other organic 

semiconductor building blocks.  

4.3: Results and Discussion 

We began our experiments by designing and preparing the series of model 

PTCDI-containing macromolecules shown in Figure 4.1 (Oligo1, Oligo2, and Oligo3), 

via standard phosphoramidite chemistry.26 The macromolecules incorporated 1 to 3 

PTCDI moieties, an alkanethiol functionality at their 3’ end, and a polyadenine tract at 

their 5’ end (the terminal modifications were included to mitigate intermolecular 

aggregation). Because bulky PTCDIs are typically placed either at terminal positions or 

opposite abasic sites within duplex DNA,15-26 we focused our efforts on the preparation 

and analysis of single stranded DNA. Indeed, upon binding the 3’ polyadenine tract of 
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our constructs, complementary strands would be expected to exhibit a relatively small 

effect on the rapid assembly dynamics and kinetics of the terminal PTCDI DNA base 

surrogates. Overall, Oligo1, Oligo2, and Oligo3 represented reasonable general 

analogues for the diverse class of perylene-modified oligonucleotides previously 

investigated with photophysical techniques in solution16,17,19 and electrochemical 

techniques at solid substrates.26 

 

 
Figure 4.1: Illustration of oligonucleotides Oligo1, Oligo2, and Oligo3 featuring 1, 2, and 3 PTCDI base 
surrogates (red ovals), respectively. The DNA sequences of these macromolecules were 5’-(A)10(P)n-S-3’, 
where the A, P, and S indicate the locations of the adenines, PTCDIs, and thiols, respectively, and n 
corresponds to the number of PTCDIs. 
 

We characterized Oligo1, Oligo2, and Oligo3 with UV-Vis spectroscopy (Figure 

4.2), observing a clear evolution in the molecules’ absorbance spectra as the number of 

PTCDI moieties increased. For Oligo1, the spectrum of DNA1 was indicative of a single, 

isolated PTCDI, with the three characteristic absorbance peaks at 466 nm, 496 nm, and 

534 nm whose intensities increased at longer wavelengths (Figure 4.2). However, the 

situation was markedly different for Oligo2 and Oligo3. Although the absorbance peaks 

maintained similar positions, the spectra were broadened, with the absorbance peaks at 

498 nm for Oligo2 and 497 nm for Oligo3 now exhibiting the largest relative intensities. 

This type of evolution in our constructs’ absorbance spectra was indicative of strong pi-pi 

stacking interactions between the adjacent PTCDIs.2-8,36  
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Figure 4.2: The normalized UV-Vis absorbance spectra obtained for Oligo1, Oligo2, and Oligo3 
containing 1, 2, and 3 PTCDIs respectively. Note the change in the relative intensities of the absorbance 
peaks for Oligo2 and Oligo3 compared to Oligo1. 	
 

With our model constructs in hand, we proceeded to perform constant temperature 

molecular dynamics simulations for the PTCDI subunits of Oligo2 and Oligo3 (Figure 

4.3). For simplicity, we only considered the structures shown in Figure 4.3 (denoted as 

P1, P2, and P3), removing the alkyl tails on the PTCDIs, the 3’ alkanethiol 

functionalities, and the 5’ polyadenine tracts, and the terminal phosphate groups (when 

appropriate). We leveraged established literature protocols previously developed for 

oligonucleotides and DNA to parameterize the PTCDI moieties with the Generalized 

AMBER Force Field, facilitating the computational analysis.29-31 Here, through our 

simulations, we anticipated gaining insight into both the kinetics of self-assembly and the 

ultimate geometry of P2 and P3. 

 

Figure 4.3: The chemical structures of the PTCDI subunits used for the molecular dynamics simulations. 
The subunits are labeled as P1, P2, and P3 corresponding to Oligo1, Oligo2, and Oligo3, respectively.	
 

We initially investigated the kinetics of self-assembly for the two PTCDI moieties 
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of P2, as illustrated for a typical simulation in Figure 4.4. At t = 0.051 ns, the two 

PTCDIs maintained a random open configuration (Figure 4.4A), with a COM distance of 

18.34 Å (Figure 4.4E) and an offset angle of 125.7 ° (Figure 4.4F). After 1.718 ns, the 

top PTCDI had started to flip (Figure 4.4B), leading to a slight decrease in the COM 

distance to 14.34 Å (Figure 4.4E) and a reduction in the offset angle to 68.28 ° (Figure 

4.4F). After 1.912 ns, the top PTCDI had begun to orient itself towards the bottom 

PTCDI (Figure 4.4C), leading to a further decrease in the COM distance (Figure 4.3E) 

and an additional reduction in the offset angle (Figure 4.4F). Finally, after 2.419 ns, the 

two PTCDIs had collapsed to a stacked state (Figure 4.4D), with an average COM 

distance of 4.6 Å (Figure 4.4E) and an average offset angle of 15.51° (Figure 4.4F). 

However, although the two PTCDIs remain stacked for the remainder of the ~ 20 ns 

simulation, their COM distances and offset angles varied by ~ 0.44 Å and ~ 7.83°, 

respectively. Such geometric variability likely resulted from thermal fluctuations, hinting 

at some dynamic character for the final configuration. Nonetheless, the final stacked 

dimer was highly reproducible, with nearly identical results obtained for ten independent 

repetitions.  

To gain additional insight into the kinetics of stacking for the two PTCDI 

moieties of P2, we analyzed the energetics driving their self-assembly. When the two 

PTCDIs collapsed to a stacked configuration between ~ 1.9 ns and ~ 2.4 ns (Figure 

4.4E,F), there was a sharp decrease in the van der Waals energy of the system, due to pi-

pi stacking between the molecules’ aromatic cores (Figure 4.4G), and a sharp increase in 

the electrostatic energy of the system, due to repulsion between the PTCDIs’ carbonyl 

groups located distal to the alkane phosphate backbone (Figure 4.4H). The competition 



70 

between these two sets of interactions appeared to dictate the final arrangement of the 

system, where there was substantial overlap between the perylene cores but a 

misalignment of the carbonyl groups (Figure 4.4D). 

	 

 
Figure 4.4: Snapshots of P2 during a molecular dynamics simulation at times of A) t = 0.051 ns, B) t = 
1.718 ns, C) t = 1.912 ns, and D) t = 2.419 ns. The sequence demonstrates the transition of P2 from an open 
random to a stacked configuration. E) The evolution of the centers of mass (COM) distance between the 
two PTCDIs of P2 as a function of time. (F) The evolution of the offset angle between the two PTCDIs of 
P2 as a function of time. G) The evolution of the van der Waals energy of P2 as a function of time. H) The 
evolution of the electrostatic energy of the PTCDIs’ carbonyl oxygens distal to the alkane phosphate 
backbone as a function of time. The four vertical dashed lines in (E) and (F) correspond to the times used 
for the snapshots in A), B), C), and D). The simulations were performed at a constant temperature of 300 
K. 
 

We next investigated the stacking kinetics of the three PTCDI moieties of P3. In 

our experiments, we observed that self-assembly of P3 into the final stacked arrangement 

necessitated a two-step mechanism. First, two of the PTCDIs formed a dimer analogous 

to the one found for the final configuration of P2. Second, the remaining third PTCDI 

stacked with this dimer to form a trimer. Although our simulations revealed multiple 

possibilities for the PTCDIs’ stacking order (Figure 4.5 and Supporting Figures S4.7 and 

S4.8), this general mechanism was highly reproducible, with similar results obtained for 

ten independent simulations.  

As an example, Figure 4.5 illustrates a typical P3 stacking kinetics simulation, 
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which demonstrates the aforementioned multi-step mechanism and the most likely 

assembly pathway. At t = 0.051 ns, the three constituent PTCDIs (denoted as 1, 2, and 3) 

were unstacked with a random open configuration (Figure 4.5A). Initially, as illustrated 

by the snapshot at t = 0.649 ns (Figure 4.5B), 2 and 3 formed a dimer during the first step 

of the stacking mechanism. There was a corresponding sharp drop from 13.34 Å to 5.02 

Å in the COM distance (Figure 4.5E) and from 100.61° to 1.30° in the offset angle 

(Figure 4.5F) between 2 and 3. In turn, as illustrated by the snapshot at t = 2.935 ns 

(Figure 4.5C), 1 stacked on top of the dimer to form a trimer during the second step of the 

stacking mechanism. For this step, there was a sharp drop from 9.09 Å to 5.61 Å in the 

COM distance (Figure 4.5E) and from 63.26° to 13.76° in the offset angle (Figure 4.5F) 

for 1 and 2. There also was an accompanying drop from 10.92 Å to 9.29 Å in the COM 

distance (Figure 4.5E) and from 73.07° to 30.45° in the offset angle (Figure 4.5F) 

between 1 and 3. Although the three PTCDIs remained in a stacked arrangement for the 

remainder of the ~ 20 ns simulation, as illustrated by the snapshot at t = 6.389 ns (Figure 

4.5D), we again observed variability in their relative COM distances and offset angles 

(Figure 4.5E,F), indicating some dynamic character for the final configuration.  

To further understand the stacking kinetics of the three PTCDI moieties of P3, we 

analyzed the energetics dictating the self-assembly process. In the first step of the 

mechanism, the formation of the dimer was driven by a sharp decrease in the van der 

Waals energy, due to pi-pi stacking between the molecules’ aromatic cores (Figure 4.5G), 

and a sharp increase in the electrostatic energy, due to repulsion between the PTCDIs’ 

carbonyl groups located distal to the alkane phosphate backbone (Figure 4.5H), as also 

observed for P2 above (Figure 4.4G,H). In the second step of the mechanism, a similar 
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interplay of favorable and unfavorable interactions appeared to drive formation of the 

trimer, as indicated by similar changes in the van der Waals and electrostatic energies 

(Figure 4.5G,H). These interactions ensured that the three constituent PTCDIs of P3 

adopted a twisted arrangement in the final equilibrium structure, where they were stacked 

but offset with respect to one another (Figure 4.5D). 

 

 
Figure 4.5: Snapshots of P3 during a molecular dynamics simulation at times of A) t = 0.051 ns, B) t = 
0.649 ns, C) t = 2.935 ns, and D) t = 6.389 ns. The constituent PTCDIs of P3 are labeled as 1, 2, and 3. The 
sequence demonstrates the transition of P3 from an open random to a stacked configuration. E) The 
evolution of the centers of mass (COM) distance between PTCDIs 1 and 2 (black curve), PTCDIs 2 and 3 
(blue curve), and PTCDIs 1 and 3 (red curve) as a function of time. (F) The evolution of the offset angle 
between PTCDIs 1 and 2 (black curve), PTCDIs 2 and 3 (blue curve), and PTCDIs 1 and 3 (red curve) as a 
function of time. G) The evolution of the van der Waals energy of P3 as a function of time. H) The 
evolution of the electrostatic energy of the PTCDIs’ carbonyl oxygens distal to the alkane phosphate 
backbone as a function of time. The four vertical dashed lines in (E) and (F) correspond to the times used 
for the snapshots in A), B), C), and D). The simulations were performed at a constant temperature of 300 
K. 
 

We proceeded to perform REMD simulations for P2 and P3. Relative to constant 

temperature simulations, REMD simulations are advantageous because they minimize the 

possibility of kinetic traps.34 Moreover, replica exchange simulations enable direct 

calculation of the potential of mean force (PMF), facilitating comparisons between the 

relative free energies of different equilibrium structures.35 Here, through such 

simulations, we anticipated gaining insight into the distinct configurations possible for P2 
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and P3 over a broad temperature range. 

We initially performed REMD simulations for P2, obtaining equilibrium 

structures such as the one illustrated in Figure 4.6A,B. These configurations spanned a 

range of COM distance and average offset angle combinations, corresponding to various 

PMF values (Figure 4.6C). As a general rule, the lowest free energy structures found for 

P2 featured COM distances between 4.2 Å and 5.2 Å and offset angles between 3° and 

22°. For example, the lowest energy equilibrium structure shown in Figure 4.6A,B 

featured a COM distance of 4.53 Å and an offset angle of 14.61°, in excellent agreement 

with the kinetic simulations above. Notably, configurations with COM distances of > ~ 7 

Å possessed large free energies, underscoring the PTCDIs known propensity for 

stacking.2-8 However, configurations with COM distances of ~ 3.4 Å and offset angles 

close to 0° still possessed large free energies, indicating that perfect overlap of the two 

PTCDIs was not favored. Overall, these simulations provided additional insight into the 

preferred equilibrium arrangement of the PTCDI moieties of P2. 

 

 
Figure 4.6: Snapshots of the lowest energy equilibrium structure observed for P2 from A) a side view and 
B) a top view. The backbone is colored gray, and two PTCDIs are colored red and blue. C) The potential of 
mean free force (PMF) in kcal/mole as a function of both the centers of mass (COM) distance and the offset 
angle between the two PTCDIs of P2, as obtained from a replica exchange simulation at 300 K. 
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We in turn proceeded to perform REMD simulations for P3, obtaining 

equilibrium structures such as the one illustrated in Figure 4.7A,B. These simulations 

again yielded an ensemble of possible P3 configurations, which we analyzed by 

comparing the relative orientations of the three constituent PTCDIs (denoted as 1, 2, and 

3). The possible COM distance and offset angle combinations obtained for 1 and 2, along 

with their corresponding PMF values, are illustrated in Figure 4.7A, and the possible 

COM distance and offset angle combinations obtained for 2 and 3, along with their 

corresponding PMF values, are illustrated in Figure 4.7B. As observed for P2, the 

equilibrium structures with the lowest free energies featured COM distances between 4.2 

Å and 5.2 Å and offset angles between 3° and 22°. For example, the lowest energy 

equilibrium structure shown in Figure 4.7A,B, featured a COM distance of 4.86 Å and an 

offset angle of 6.01° for 1 and 2, as well as a COM distance of 5.24 Å and an offset angle 

of 4.5° for 2 and 3. Although the three PTCDIs comprising this structure adopted a 

stacked arrangement, they did not overlap perfectly and were slightly offset with respect 

to one another. These findings were again in agreement with the kinetics simulations and 

afforded an improved understanding of the energetic landscape driving the self-assembly 

of P3. 
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Figure 4.7: Snapshots of the lowest energy equilibrium structure observed for P3 from A) a side view and 
B) a top view. The backbone is colored gray, and PTCDIs 1, 2, and 3 are colored red, blue, and green, 
respectively. C) The potential of mean free force (PMF) in kcal/mole as a function of both the centers of 
mass (COM) distance and the offset angle between PTCDIs 1 and 2 of P3, as obtained from a replica 
exchange simulation at 300 K. D) The potential of mean free force (PMF) in kcal/mole as a function of 
both the centers of mass (COM) distance and the offset angle between the PTCDIs 2 and 3 of P3, as 
obtained from a replica exchange simulation at 300 K. 
 

Finally, we note that our simulations indicated that the PTCDI moieties 

comprising the P2 and P3 equilibrium structures were non-planar on short time scales 

(Figure 4.6A,B and Figure 4.7A,B). To gain insight into the origin of this effect, we 

compared the distortion from planarity found for the stacked, interacting PTCDIs of P2 

and P3 with the distortion of planarity found for the independent PTCDI of P1. For this 

comparison, we defined a bend angle between two vectors from the center to the edge of 

the PTCDIs (Supporting Figure S4.9). The PTCDI of P1 featured a range of bend angles 

between 153.27° and 179.92°, with an average value of 174.66 ± 3.67° (Supporting 

Figure S4.9). Interestingly, we found that the PTCDIs of P2 and P3 all featured nearly 
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identical bending angle distributions (Supporting Figures S4.10 and S4.11). Given that 

the average distortions were small and not dependent on stacking interactions, we 

postulated that the observed deviations from planarity were likely due to thermal 

fluctuations. These findings further underscored the rich dynamics of stacked PTCDIs, 

which warrant additional exploration. 

4.5: Conclusion 

In summary, we have used constant temperature and replica exchange molecular 

dynamics simulations to investigate the self-assembly of covalently-linked perylene-

3,4,9,10-tetracarboxylic diimide DNA base surrogates. Together, our computational 

analyses yielded insight not readily apparent from experimental methodologies and were 

significant for several reasons. First, to the best of our knowledge, the stacking kinetics of 

PTCDI DNA base surrogates have received little attention from a computational 

perspective, especially with regard to investigating the process in its entirety. Second, our 

simulations have allowed for observation of the assembly kinetics in atomistic detail, 

revealing that the underlying mechanism is quite complex and may encompass multiple 

distinct pathways. Third, our studies have unveiled the energetics of multimeric PTCDI 

ensembles, indicating that a complex interplay of attractive van der Waals and repulsive 

electrostatic interactions dictates their assembly and final structures. Fourth, the 

simulations demonstrate that the observed equilibrium structures are not fully static and 

possess some dynamic character, as evidenced by fluctuations in the relative positions 

and planarity of the stacked PTCDIs. Fifth, the presented computational framework is 

quite general and can be readily extended to the study of more complex sequence-and 

length-variable systems consisting of covalently linked pi-conjugated organic 
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semiconductor building blocks. Overall, our studies constitute a foundation for the 

rational design and construction of precisely-defined one-dimensional nanowires that 

draw inspiration from the structure of DNA. 

4.5: Supporting Information 

 
Figure S4.1: Typical HPLC chromatograms corresponding to the purification of (A) Oligo1, (B) Oligo2, 
and (C) Oligo3. The DNA sequences of these macromolecules were 5’-(A)10(P)n-S-3’, where the A, P, and 
S indicate the locations of the adenines, PTCDIs, and thiols, respectively, and n corresponds to the number 
of PTCDIs. 

 
Figure S4.2: Experimental (top, blue) and simulated (bottom, red) MALDI TOF spectra corresponding to 
(A) Oligo1, (B) Oligo2, and (C) Oligo3. The peaks in the experimental and simulated traces that 
correspond to one another are labeled with the same letter. The simulated spectra were obtained using AB 
Sciex Data Explorer. Note that the observed and expected masses are in good agreement. The DNA 
sequences of these macromolecules were 5’-(A)10(P)n-S-3’, where the A, P, and S indicate the locations of 
the adenines, PTCDIs, and thiols, respectively, and n corresponds to the number of PTCDIs. 

 
Figure S4.3: The chemical structure of the three PTCDI residues (along with the corresponding phosphate 
groups) that were designed and parameterized for the molecular dynamics simulations. The illustrations 
show (A) the 5’ terminal residue of P2 and P3, (B) the 3’ terminal residue of P2 and P3, and (C) the middle 
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residue of P3. When two residues are joined, one of the redundant phosphate groups will be removed to 
leave a single phosphate between the joined PTCDIs. 
 

 
Figure S4.4: The structures of the three residues that were used to construct the multimeric PTCDI 
subunits for the molecular dynamics simulations. The illustrations show (A) the 5’ terminal residue of P2 
and P3, (B) the 3’ terminal residue of P2 and P3, and (C) the middle residue of P3. Note that some of the 
phosphate groups have been omitted for clarity. The labels on the atoms correspond to the atomic charges 
that are listed in Supporting Tables 1, 2, and 3.  

 
Figure S4.5: Illustration of the PTCDI DNA base surrogate. The blue line indicates the vector connecting 
the nitrogen closest to the backbone to the nitrogen furthest away from the backbone. The vector was used 
for analysis of the stacking of adjacent PTCDIs. 
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Figure S4.6: The side view (left) and top view (right) of the chemical structure of P2, where the two 
constituent PTCDIs feature a COM distance of ~ 3.4 Å and an offset angle of 0°. The top view, where the 
backbone has been removed for clarity, shows that the PTCDI moieties perfectly overlap in this scenario. 

 
Figure S4.7: Assembly of P3 into a stacked configuration through a possible alternative pathway, as 
observed during molecular dynamics simulations. Note that this pathway is not physically likely when the 
PTCDIs are iteratively incorporated in an oligonucleotide. Snapshots of P3 at times of (A) t = 0 ns, (B) t = 
3.550 ns, (C) t = 9.179 ns, and (D) t = 9.812 ns. The constituent PTCDIs of P3 are labeled as 1, 2, and 3. 
The sequence demonstrates the transition of P3 from an open random to a stacked configuration. (E) The 
evolution of the centers of mass (COM) distance between PTCDIs 1 and 2 (black curve), PTCDIs 2 and 3 
(blue curve), and PTCDIs 1 and 3 (red curve) as a function of time. (F) The evolution of the offset angle 
between PTCDIs 1 and 2 (black curve), PTCDIs 2 and 3 (blue curve), and PTCDIs 1 and 3 (red curve) as a 
function of time. (G) The evolution of the van der Waals energy of P3 as a function of time. H) The 
evolution of the electrostatic energy of the PTCDIs’ carbonyl oxygens distal to the alkane phosphate 
backbone as a function of time. The four vertical dashed lines in E, F, G and H correspond to the times 
used for the snapshots in A, B, C, and D. The simulations were performed at a constant temperature of 300 
K.  
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Figure S4.8: Assembly of P3 into a stacked configuration through another possible alternative pathway, as 
observed during molecular dynamics simulations. Snapshots of P3 at times of (A) t = 0.105 ns, (B) t = 
0.649 ns, (C) t = 1.857 ns, and D) t = 3.481 ns. The constituent PTCDIs of P3 are labeled as 1, 2, and 3. 
The sequence demonstrates the transition of P3 from an open random configuration to a stacked 
configuration. (E) The evolution of the centers of mass (COM) distance between PTCDIs 1 and 2 (black 
curve), PTCDIs 2 and 3 (blue curve), and PTCDIs 1 and 3 (red curve) as a function of time. (F) The 
evolution of the offset angle between PTCDIs 1 and 2 (black curve), PTCDIs 2 and 3 (blue curve), and 
PTCDIs 1 and 3 (red curve) as a function of time. (G) The evolution of the van der Waals energy of P3 as a 
function of time. (H) The evolution of the electrostatic energy of the PTCDIs’ carbonyl oxygens distal to 
the alkane phosphate backbone as a function of time. The four vertical dashed lines in E, F, G and H 
correspond to the times used for the snapshots in A), B), C), and D). The simulations were performed at a 
constant temperature of 300 K.  

 
Figure S4.9: (A) Structure of an isolated PTCDI moiety, where the vectors used to calculate the angle of 
bending are illustrated in red. (B) The bending angle distribution of an individual PTCDI, the structure of 
which is shown in Supporting Figure S4.3A.  

 
Figure S4.10: The bending angle distribution found for the (A) 3’ and (B) 5’ PTCDIs of P2. The data was 
obtained from the last 10 % of the conformation of a replica exchange simulation at 300 K.  
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Figure S4.11: The bending angle distribution found for the A) 3’ terminal B), middle, and C) 5’ terminal 
PTCDIs of P3. The data was obtained from the last 10% of the conformations of a replica exchange 
simulation at 300 K.  
 
Atom Number Atom Name AMBER Atom Type Effective Charge 

1 C2 ca -0.0888 
2 C3 ca -0.0456 
3 C4 ca -0.2124 

4 C5 ca 0.0511 
5 C6 ca -0.2124 
6 C7 ca 0.0347 

7 C8 ca 0.0347 
8 C9 ca 0.0521 
9 C10 ca 0.0521 

10 C11 ca -0.225 
11 C12 c3 0.6377 
12 C13 ca 0.071 

13 C14 ca -0.225 
14 C15 ca -0.0994 
15 C16 ca -0.0742 

16 C17 ca -0.0994 
17 C18 ca -0.0317 
18 C19 ca -0.0317 

19 C20 c 0.5344 
20 C21 c 0.5344 
21 C22 c3 -0.1032 

22 C23 c3 -0.0666 
23 C24 c 0.4016 
24 C25 c 0.4016 
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25 C26 ca -0.0078 
26 C27 ca -0.0078 
27 C28 ca -0.0456 
28 H2 ha 0.1488 
29 H3 ha 0.1488 
30 H4 ha 0.1535 
31 H5 ha 0.1535 
32 H6 ha 0.1636 
33 H7 ha 0.1636 
34 H8 ha 0.1626 
35 H9 ha 0.1626 
36 H10 hn 0.3092 
37 H13 h1 -0.0746 
38 H14 h1 0.0296 
39 H15 h1 0.0296 
40 H16 h1 0.0642 
41 H17 h1 0.0642 
42 H18 ho 0.4396 
43 N1 n -0.0169 
44 N2 n -0.4008 
45 O5 oh -0.6549 
46 O6 o -0.5047 
47 O7 o -0.5047 
48 O8 o -0.5559 
49 O9 o -0.5559 

Table S4.1: The atomic charges of the 3’ terminal residue illustrated in Supporting Figure S4.4A. 
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Atom Number Atom Name AMBER Atom Type Effective Charge 
1 O1 os -0.5232 
2 P1 p5 1.1659 
3 O2 o -0.7761 
4 O3 o -0.7761 
5 O4 os -0.4954 
6 C2 c3 0.1667 
7 C3 c3 -0.0883 
8 O5 oh -0.6318 
9 C4 c3 -0.2541 

10 N1 n -0.071 
11 C5 c 0.4532 
12 C6 c 0.4532 
13 C7 ca -0.0127 
14 O6 o -0.5055 
15 C8 ca -0.0127 
16 O7 o -0.5055 
17 C9 ca -0.0391 
18 C10 ca -0.0924 
19 C11 ca -0.0924 
20 C12 ca 0.0699 
21 C13 ca -0.2137 
22 C14 ca -0.2137 
23 C15 ca 0.0235 
24 C16 ca 0.0235 
25 C17 ca 0.0416 
26 C18 ca 0.0416 
27 C19 ca 0.0841 
28 C20 ca -0.2295 
29 C21 ca -0.2295 
30 C22 ca -0.0552 
31 C23 ca -0.102 
32 C24 ca -0.102 
33 C25 ca -0.0117 



84 

34 C26 ca -0.0117 
35 C27 c 0.4712 
36 C28 c 0.4712 
37 O8 o -0.5398 
38 N2 n -0.3174 
39 O9 o -0.5398 
40 H4 h1 0.0494 
41 H5 h1 0.0494 
42 H6 h1 0.2217 
43 H7 ho 0.4422 
44 H8 h1 0.1949 
45 H9 h1 0.1949 
46 H10 ha 0.1547 
47 H11 ha 0.1547 
48 H12 ha 0.1631 
49 H13 ha 0.1631 
50 H14 ha 0.1641 
51 H15 ha 0.1641 
52 H16 ha 0.1674 
53 H17 ha 0.1674 
54 H18 hn 0.292 

Table S4.2: The atomic charges of the 5’ terminal residue illustrated in Supporting Figure S4.4B. 
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Atom Number Atom Name AMBER Atom Type Effective Charge 
1 C1 ca -0.0409 
2 C2 c 0.5298 
3 C3 ca -0.0773 
4 C4 ca -0.108 
5 N1 n -0.3968 
6 O1 o -0.5729 
7 C5 ca 0.0699 
8 C6 ca -0.0409 
9 C7 ca -0.2334 

10 C8 c 0.5298 
11 C9 ca 0.0646 
12 C10 ca 0.0646 
13 C11 ca -0.108 
14 O2 o -0.5729 
15 C12 ca 0.0245 
16 C13 ca -0.2334 
17 C14 ca 0.0245 
18 C15 ca -0.202 
19 C16 ca 0.0376 
20 C17 ca -0.202 
21 C18 ca -0.0978 
22 C19 ca -0.0294 
23 C20 ca -0.0978 
24 C21 ca 0.0322 
25 C22 ca 0.0322 
26 C23 c 0.4872 
27 C24 c 0.4872 
28 N2 n -0.2338 
29 O3 o -0.525 
30 O4 o -0.525 
31 C25 c3 -0.0469 
32 C26 c3 0.6987 
33 C27 c3 0.0421 
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34 O6 os -0.5232 
35 P2 p5 1.1659 
36 O10 o -0.7761 
37 O11 o -0.7761 
38 O12 os -0.4954 
39 H1 ha 0.1611 
40 H2 hn 0.3022 
41 H3 ha 0.1543 
42 H4 ha 0.1611 
43 H5 ha 0.1543 
44 H6 ha 0.1521 
45 H7 ha 0.1521 
46 H8 ha 0.1538 
47 H9 ha 0.1538 
48 H10 h1 0.0268 
49 H11 h1 0.0268 
50 H12 h1 -0.0409 
51 H13 h1 0.0222 
52 H14 h1 0.0222 

Table S4.3: The atomic charges of the middle residue illustrated in Supporting Figure S4.4C. 
 
 
 
Preparation of the DNA Phosphoramidites: The phosphoramidites required for DNA 

synthesis were purchased from Glen Research, Inc. or Azco Biotech, Inc. and used as 

received. The perylenediimide phosphoramidites were synthesized and characterized 

according to established literature protocols.26 The identity and purity of the 

perylenediimide phosphoramidites, as well as all intermediates required for their 

synthesis, were confirmed with 1H NMR, 13C NMR, 31P NMR, and mass spectrometry.26 

Synthesis, Purification, and Characterization of the Oligonucleotides: The PTDCI-

modified oligonucleotides (Figure 4.1) were prepared according to standard commercial 

protocols recommended by Glen Research, Inc. for an Applied Biosystems (ABI) 394 
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DNA Synthesizer. Extended coupling times were used for the incorporation of 

perylenediimide phosphoramidites, as previously described.26 After synthesis, the 

oligonucleotides were cleaved from the solid support by treatment with aqueous 

ammonium hydroxide and purified with high performance liquid chromatography 

(HPLC) on an Agilent 1260 Infinity system. The oligonucleotides were eluted with a 

gradient evolved from 95% solvent A and 5% solvent B to 0% solvent A and 100% 

solvent B over 30 min at a flow rate of 1 mL/min (solvent A, 50 mM ammonium acetate, 

pH = 6 buffer; solvent B, acetonitrile) on an Agilent reverse phase C4 or C8 column (see 

Supporting Figure S4.1 for typical chromatograms). The UV−visible absorbance spectra 

of the oligonucleotides were obtained with an Agilent 1260 Infinity Series Diode Array 

Detector during chromatographic purification. The MALDI-TOF mass spectra of the 

oligonucleotides were recorded on an Applied Biosystems Sciex MALDI-TOF/TOF 5800 

series mass spectrometer in reflectron negative mode, using a 349 nm Nd:YAG laser as 

the illumination source and 3-hydroxypicolinic acid as the matrix (see Supporting Figure 

S4.2 for typical spectra). 

Parameterization of the Perylenediimide Base Surrogates: For the simulations, three 

separate residues were designed according to established literature protocols (Supporting 

Figure S4.3).27 These residues featured phosphate moieties at only their 3’ terminus 

(Supporting Figure S4.3A), only their 5’ terminus (Supporting Figure S4.3B), or both 

their 3’ and 5’ termini (Supporting Figure S4.3C). The chemical structures of the residues 

were exported as mol2 files from ChemDraw 13.0, and these structures were initially 

optimized using molecular mechanics in Gaussian 09.28 The geometry optimization was 

completed in Gaussian 09 with the Hartree-Fock method and the 6-31G(d) basis set, via 
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the methodology previously reported for the Generalized AMBER Force Field 

(GAFF).28,29  

After convergence of the structures, the atomic point charges for the three residues were 

determined via the two-step Restricted Electrostatic Potential (RESP) method 

(Supporting Figure S4.4 and Supporting Tables S4.1- S4.3). The residues’ electrostatic 

potentials were first calculated in Gaussian 09, and the Merz-Kollman scheme was used 

to correctly output the log file for AMBER’s antechamber.28 Next, atom typing was 

completed by antechamber, and the resulting charges were appended into mol2 files. The 

mol2 files were in turn imported into xleap by using the GAFF force field parameters. To 

form multimeric PTCDI constructs for the subsequent molecular dynamics simulations, 

the residues were appended in xleap, with the redundant terminal phosphate moieties 

removed.27 Note that charge constraints were enforced according to established literature 

precedent for parametrization of DNA residues in AMBER.27 

Molecular Dynamics Simulations of Perylenediimide Base Surrogate Stacking 

Kinetics: Molecular dynamics simulations of PTCDI stacking kinetics (20 total) were 

performed with GAFF in NAMD 2.9.32,33 The simulations employed the Generalized 

Born Implicit Solvent model (GBIS) and a monovalent salt concentration of 0.115 M.32,33 

For each simulation, the starting configuration was obtained by turning off the attractive 

van der Waals interactions in the force field and setting the temperature to 500 K, thereby 

ensuring that all PTCDI moieties were completely separated from one another in an 

unstacked random open configuration. To initiate the simulation, the attractive van der 

Waals interactions were turned on and the initial temperature was set to 300 K. All of the 

simulations were performed at a constant temperature of 300 K for 20 ns, ensuring that 
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steady state was reached. The simulations were analyzed by monitoring the relative 

centers of mass (COM) distances and offset angles for every pair of PTCDIs. The COM 

distances were calculated from the atomic coordinates and atomic mass of the individual 

PTCDIs. The offset angles were calculated by constructing a vector from the nitrogen 

closest to the backbone to the nitrogen farthest from the backbone for the individual 

PTCDIs (Supporting Figure S4.5). The dot product of these vectors for every pair of 

PTCDIs yielded their offset angles. The COM distances and offset angles indicated the 

relative separation and alignment of the PTCDIs, respectively. As an example, if the 

COM distance of two PTCDIs is ~ 3.4 Å and their offset angle is 0°, the two molecules 

are stacked and perfectly aligned on top of one another (Supporting Figure S4.6). The 

simulations also yielded the van der Waals and electrostatic interactions for each pair of 

PTCDIs. These interactions were monitored as a function of time to gain insight into the 

factors driving the self-assembly of PTCDI ensembles.  

Replica-exchange Molecular Dynamics Simulations of Perylenediimide Base 

Surrogate Assembly: Replica exchange molecular dynamics (REMD) simulations were 

performed to explore the energetic landscape of the oligonucleotides’ stacked PTCDI 

subunits.34 The simulations were run for 16 replicates distributed over a temperature 

range of 290 to 700 K. The simulation time was 320 ns per replica, corresponding to 

80,000 total exchanges, with an exchange attempt every 4 ps. The simulations generated 

the equilibrium atomic structures for an ensemble of stacked PTCDI subunits. These 

structures were analyzed via the MBAR method, enabling calculation of the potential of 

mean force (PMF) for the stacked PTCDIs as a function of their COM distances and 
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offset angles.35 This analysis yielded the free energy landscapes of our constructs at 300 

K. 
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CHAPTER 5 Length-Independent Charge Transport in Chimeric 

Molecular Wires 

 

5.1: Abstract 

Advanced molecular electronic components remain vital for the next generation 

of miniaturized integrated circuits. Thus, much research effort has been devoted to the 

discovery of “lossless” molecular wires, for which the charge transport rate or 

conductivity is not attenuated with length in the tunneling regime. Herein, we report the 

synthesis and electrochemical interrogation of DNA-like molecular wires. We observe 

that the rate of electron transport through these constructs is independent of their length 

and propose a mechanism to explain our findings. The reported approach holds relevance 

for the development of high-performance molecular electronic components and for the 

fundamental study of charge transport phenomena within carbon-based materials. 

5.2: Introduction 

Molecular electronic devices have the potential to redefine integrated circuit 

technologies and revolutionize modern computing.[1,2] Consequently, much effort has 

focused on the discovery and study of nearly “lossless” molecular wires or molecular 

chains that efficiently transport charge (notable π-conjugated examples include 

oligoporphyrins, oligophenylenevinylenes, and DNA).[3-8] Typically, such wires or 

bridges are electrically interrogated in various configurations, i.e. scanning probe break 

junctions,[9,10] two terminal devices,[11,12] and self-assembled monolayers,[13,14] with the 

measurements yielding information on their ground state charge transport properties. 

However, for many of the reported molecular wires, the charge transport rate or 
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conductivity drops off precipitously with length in the tunneling regime (typically < ~ 5 

nm).[9-18] Furthermore, artificial molecular wires are often difficult to synthesize, while 

natural molecular wires can exhibit poor stability under electrical interrogation.[9-18] 

Consequently, given the continued demand for integrated circuit miniaturization,[19] the 

development of high-performance molecular wires remains of paramount importance for 

next generation electronics. 

Herein, we describe the preparation and characterization of bioinspired chimeric 

molecular wires. First, we design and synthesize a series of electroactive macromolecules 

from π-conjugated building blocks. Next, we self-assemble these constructs into 

monolayers and evaluate their orientations with X-ray spectroscopic techniques. 

Subsequently, we investigate the monolayers’ electrochemical properties, and from these 

measurements, we extract the rate of electron transport through the macromolecules, 

finding that it is independent of their length. Finally, we rationalize our observations with 

density functional theory (DFT) calculations and propose a mechanism to explain the 

findings. The reported approach holds relevance for the development of high-

performance molecular electronic components and for the fundamental study of charge 

transport phenomena within carbon-based materials. 

5.3: Results and Discussion 

We began our experiments by drawing inspiration from the organic electronics and 

oligonucleotide chemistry fields for the rational design and preparation of the 

macromolecules shown in Figure 5.1A. First, we selected perylene-3,4,9,10 

tetracarboxylic diimide (PTCDI) as the π-conjugated building block for our constructs 

due to this molecule’s well-known electrochemical properties, a propensity for adapting 
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stacked columnar arrangements, and excellent stability under varied conditions.[20,21] 

Next, we used standard automated oligonucleotide chemistry techniques, which are 

compatible with PTCDI derivatives,[22-27] to prepare, purify, and characterize thiol and 

ferrocene-modified macromolecules featuring one, two, three, or four PTCDIs arranged 

on a phospho-alkane backbone (Supporting Figures S5.1 to S5.4). Notably, our constructs’ 

negatively-charged backbone and solubilizing hexaethylene glycol imide substituents 

facilitated processing and mitigated intermolecular aggregation. The final designer 

systems, which we denoted as P1, P2, P3, or P4, consisted of variable-length PTCDI 

tracts as the highly conductive components, terminal thiol linkers as handles for 

monolayer formation, and pendant ferrocene moieties as redox probes of charge transport 

(Figure 5.1A).  

 

Figure 5.1: (A) Illustration (top) and chemical structure (bottom) for macromolecules P1, P2, P3, and P4, 
which consist of tracts of one to four PTCDIs arranged on a phosphor-alkane backbone and flanked by 
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thiol-terminated linkers and ferrocene-terminated tethers. (B) Illustration of self-assembled monolayer 
formation for the macromolecules in (A). 

We proceeded to self-assemble and spectroscopically characterize monolayers from 

P1, P2, P3, or P4. As illustrated in Figure 5.1B, we incubated clean gold substrates with 

solutions of each of our thiol-modified constructs, allowing for formation of specific 

covalent S-Au bonds, and then treated the modified substrates with mercaptohexanol to 

enforce an upright molecular wire orientation and displace non-specifically physisorbed 

species.[13,14,26,28-30] In turn, we confirmed the average orientation of the four monolayers’ 

constituent macromolecules with near edge X-ray absorption fine structure spectroscopy 

(NEXAFS), which is a surface-sensitive technique that elucidates the electronic 

characteristics and orientation of surface-confined species. Thus, we collected and 

analyzed partial electron yield spectra with the incident electric fields parallel and 

perpendicular to the surface of our substrates (Supporting Figures S5.5 to S5.8).[31] Based 

on literature precedent for PTCDI-based materials, we assigned the spectras’ 

characteristic inequivalent doublets at energies between 284 eV and 286 eV to carbon 

1sàπ* transitions that are associated with the LUMO (left doublet) and LUMO+1 (right 

doublet) orbitals, which are localized on the aromatic core of PTCDIs (Supporting 

Figures S5.6 to S5.9).[32] By evaluating the dependence of these signals’ intensities on the 

polarization of the electric field, we calculated average substrate-relative tilt angles of ~ 

61 ± 2°, ~ 61 ± 2°, ~ 60 ± 2°, or ~ 60 ± 2° for the constituent PTCDIs of monolayers from 

P1, P2, P3, or P4, respectively. Overall, the NEXAFS experiments indicated that our 

macromolecules adopted nearly identical upright average orientations, in analogy to 

duplexes in backfilled DNA monolayers.[7,26,28-30] 
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We initially investigated the electrochemical properties of backfilled monolayers 

from P0, which is an analogue of our macromolecules but lacks any PTCDIs (Supporting 

Figures S5.9 and S5.10A). Here, we observed a redox couple at a potential of ~ 0.46 V 

(±0.002) mV vs. Ag/AgCl, which we attributed to the pendant ferrocene moiety 

(Supporting Figure S5.10B).[13,14,33-35] The couple featured an anodic to cathodic peak 

current ratio of 1.07 (±0.04), indicating a quasi-reversible redox reaction, and a linear 

dependence of the anodic peak current on the scan rate, indicating a surface bound 

species (Supporting Figure S5.10C).[14,36] From the anodic wave, we calculated a surface 

coverage of ~ 22 (±4) pmol/cm2, which was smaller than the estimated maximum 

coverages of ~300 and ~450 pmol/cm2 for ferrocene-terminated DNA and alkanethiol 

monolayers, respectively,[37,38] as well as a full width at half maximum (FWHM) of 0.14 

(±0.004) V, which was greater than the ideal value of ~ 0.091 V.[14,36] These metrics 

suggested a relatively dilute monolayer, likely due to repulsive electrostatic interactions 

between our constructs’ negatively-charged backbones.[14,36] Altogether, the 

measurements revealed that monolayers from P0 generally resembled analogous ones 

reported for ferrocene-terminated alkanethiols.[13,14,33-35] 

We next evaluated the rate of electron transfer between the pendant ferrocene 

moieties and the gold electrode for P0, as mediated by the phospho-alkane bridge. By 

analyzing the cyclic voltammograms obtained at different scan rates, we extracted the 

electron transfer rate constant k0 according to the Laviron approach (Supporting Figure 

S5.10D).[14,39] The calculated k0 for P0 was 9.7 (±1) x 102 s-1 (corresponding to a probe-

electrode through-bond distance of 2.29 nm). This value was in good agreement with rate 

constants of k0 = 6.0 x 103 s-1, k0 = 1.2 x 103 s-1, and k0 = 1.0 x 102 s-1 reported for 
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analogous ferrocene-terminated alkanethiol monolayers, corresponding to probe-

electrode through-bond distances of 1.84 nm, 2.00 nm, and 2.47 nm, respectively (Table 

1).[33-35] Our observations and analysis indicated that non-resonant tunneling was the 

likely mechanism governing electron transport through monolayers from P0. 

We continued our studies by investigating the electrochemical properties of 

backfilled monolayers from P1, P2, P3, or P4 at positive potentials (Figure 5.2). These 

monolayers featured reversible redox couples at potentials of ~ 0.47 to ~ 0.52 V vs. 

Ag/AgCl, anodic to cathodic peak current ratios of ~ 1.02 to ~1.16, anodic FWHMs of ~ 

0.13 V, average surface coverages of ~ 20 pmol/cm2 to ~ 25 pmol/cm2, and linear plots of 

peak current as a function of scan rate (Supporting Figure S5.11 and Table S5.1). 

Altogether, our measurements indicated that monolayers from P1, P2, P3, or P4 were 

relatively dilute and that their electrochemical characteristics closely resembled not only 

those of P0 but also one another. We further explored the electrochemical properties of 

backfilled monolayers from P1, P2, P3, or P4 at negative potentials (Supporting Figure 

S5.12). We found one to three quasi-reversible redox couples for P1, P2, P3, and P4, 

with a midpoint potential of ~ –0.4 V vs. Ag/AgCl for the initial (least negative) couple 

in each instance. Based on literature precedent for PTCDIs,[20,21,28] we attributed these 

redox signatures to the macromolecules’ LUMOs (and energetically higher orbitals), and 

by using the pendant ferrocenes as internal standards,[36] we calculated LUMO energies 

of –4.11 (±0.01) eV, –4.15 (±0.01) eV, –4.19 (±0.01) eV, and –4.22 (±0.01) eV for P1, 

P2, P3, and P4, respectively. Here, the lowering of the LUMO energies and appearance 

of multiple energetically similar states for the longer macromolecules likely indicated the 

presence of strong π-π stacking interactions between the constituent PTCDIs. Overall, the 
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electrochemical measurements suggested that the PTCDI substructures essentially 

behaved as single electroactive units. 

We next evaluated the rate of electron transfer through backfilled monolayers from 

P1, P2, P3, or P4. Here, the PTCDI-based substructures, along with their terminal linkers 

and tethers, served as extended bridges between the pendant ferrocenes and the gold 

surfaces. From an analysis of cyclic voltammograms obtained at different scan rates for 

the P1, P2, P3, and P4 monolayers, we extracted these macromolecules’ respective 

electron transfer rate constants k0.[14,39] Surprisingly, for P1, we found only a small 

decrease in the electron transfer rate to k0 = 8.2 (±1) x 102 s-1, despite the greater probe-

electrode through-bond distance of 3.05 nm, relative to P0 (Table 1). This value was in 

stark contrast to the slower rate constants of k0 = 2.8 x 101 s-1 and k0 = 7.0 x 100 s-1 found 

for ferrocene-terminated alkanethiols with probe-electrode through-bond distances of 

2.65 nm and 2.77 nm, respectively (Table 1).[33-35] Furthermore, we discovered that the 

rate remained almost unchanged for the longer macromolecules, with values of k0 = 8.3 

(±0.8) x 102 s-1 for P2, k0 = 8.8 (±1) x 102 s-1 for P3, and k0 = 8.2 (±0.8) x 102 s-1 for P4, 

despite the substantially increased probe-electrode distances of 3.81 nm for P2, 4.57 nm 

for P3, and 5.33 nm for P4, respectively (Table 1). Together, the measurements indicated 

that the rate of electron transport through our molecular wires was essentially 

independent with length. 
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Table 5.1: Various ferrocene-terminated species (Column 1), along with the corresponding electron 

transfer rate constants k0 (Column 2) and through-bond electron transfer distances (Column 3). [a] Electron 
transfer (ET) distance is defined as the sum of all the bond lengths between the pendant ferrocene and the 
terminal gold-bound sulfur atom. 

 
To facilitate interpretation of our experimental observations, we performed DFT 

calculations. Thus, we first adapted literature protocols[27] and used molecular dynamics 

(MD) simulations to obtain the lowest free energy (most thermodynamically stable) 

atomistic conformations for the PTCDI-based substructures of P1, P2, P3, and P4 

(Supporting Figures S5.13 and S5.14). The simulations indicated that the constituent 

PTCDIs of P2, P3, and P4 were offset with respect to one another but still featured strong 

π-π stacking interactions, in agreement with the characteristic changes observed for the 

constructs’ UV-vis spectra (Supporting Figures S5.2 to S5.4). In turn, we employed the 

simulated equilibrium geometries and the long-range-corrected CAM-B3LYP 

functional[40] to generate the shapes and energies of our four macromolecules’ HOMOs 

and LUMOs. The isosurface plots indicated that the electron density was delocalized over 

either the entirety or majority of the substructures’ aromatic cores, demonstrating that 

Ferrocene Species ET Rate k0 (s
-1) ET Distance (nm)[a] Reference 

FcCONH(CH2)7SH 6.6 × 104 1.53 34 

FcCONH(CH2)8SH 1.5 × 104 1.69 34 

FcCONH(CH2)9SH 6.0 × 103 1.84 34 

FcCONH(CH2)10SH 1.2 × 103 2.00 34 

FcCO2(CH2)13SH 1.0 × 102 2.47 33 

Fc(CH2)16SH 2.8 × 101 2.65 35 

FcCONH(CH2)15SH 7.0 × 100 2.77 34 

P0 9.7 (±1) × 102 2.29 This work 

P1 8.2 (±1) × 102 3.05 This work 

P2 8.3 (±0.8) × 102 3.81 This work 

P3 8.8 (±1) × 102 4.57 This work 

P4 8.2 (±0.8) × 102 5.33 This work 
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their constituent PTCDI moieties were not electronically independent of one another 

(Supporting Figure S5.15). Moreover, the theoretically-predicted LUMO energies were 

lowered for the longer macromolecules, with values of –2.66 eV, –3.01 eV, –3.36 eV, 

and –3.36 eV for P1, P2, P3, and P4, respectively, in agreement with the trend found 

during the electrochemical measurements (note that the theoretical and experimental 

values do not perfectly match due to the limited accuracy of the functional and the 

exclusion of solvent and/or substrate effects). Overall, the calculations shed insight into 

the electronic structure of our constructs and provided a rationale for their 

electrochemical behavior as single electroactive units. 

 

Figure 5.2: Cyclic voltammograms at positive potentials for backfilled monolayers from (A) P1, (B) P2, 
(C) P3, and (D) P4. The insets show schematics of the monolayers. 

 

Our experimental observations warrant a discussion of the likely mechanism 

governing electron transport for P1, P2, P3, and P4. Here, we note that our constructs 

A 

C 

B 

D 
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consist of several distinct components: π-conjugated PTCDI-based substructures, 

primarily saturated tethers bound to the electrodes, and primarily saturated linkers to the 

pendant ferrocene probes (Figure 5.1A). Based on previous findings for ferrocene-

terminated alkanethiols[13,14,33-35] (as well as on our experimental observations for 

monolayers from P0), electrons are likely transported through the macromolecules’ 

tethers and linkers via a rate-limiting and lossy non-resonant tunneling mechanism.[13-28] 

Furthermore, based on reports of rapid electron hopping rates of > 107 s-1[25] and 

femtosecond charge transfer times in analogous PTCDI-based ensembles,[41] (as well as 

our computational observations for P1, P2, P3, and P4), electrons are likely transported 

through the macromolecules’ PTCDI-based substructures via a rapid and nearly lossless 

resonant tunneling mechanism.[13-18] The combination of these two mechanisms accounts 

for the observation of essentially length-independent charge transport for our constructs.  

5.4: Conclusion 

In summary, we have synthesized a series of bioinspired chimeric molecular wires 

and characterized their charge transport properties. Our study holds significance for 

several reasons. First, the reported synthetic methodology employs straightforward, 

readily accessible bioconjugate chemistry techniques to prepare well-defined PTCDI-

based macromolecules. In principle, this approach possesses few limitations and could be 

used to prepare a variety of modular, sequence-variable constructs from arbitrary organic 

semiconductor building blocks. Second, our electrochemical strategy makes it possible to 

simultaneously measure charge transport rates and monitor changes in electronic 

structure. Such experimental flexibility underscores the value of our methodology for the 

study of nanoscale charge transport phenomena. Finally, the measurements reveal that the 
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rate of electron transport through our molecular wires is not attenuated with length. The 

reported constructs may thus prove valuable as archetypes for the construction of novel 

high-performance electronic components. Altogether, our findings hold broad relevance 

within the context of carbon-based molecular, organic, and biological electronics and 

may afford new opportunities for the development of advanced miniaturized circuits. 

5.5: Supporting Information 

 

Supporting Information Figure S5.1: (A) Typical HPLC chromatogram corresponding to the purification 
of P1. Note the presence of a single main peak. (B) The corresponding normalized UV-Vis absorbance 
spectrum for P1. (C) Typical experimental MALDI-TOF spectrum for P1. (D) Simulated MALDI-TOF 
spectrum for P1. The peaks in the experimental and simulated traces that correspond to one another are 
labeled with the same letter. Note that the observed and expected masses are in good agreement.  
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Supporting Information Figure S5.2: (A) Typical HPLC chromatogram corresponding to the purification 
of P2. Note the presence of a single main peak. (B) The corresponding normalized UV-Vis absorbance 
spectrum for P2. (C) Typical experimental MALDI-TOF spectrum for P2. (D) Simulated MALDI-TOF 
spectrum for P2. The peaks in the experimental and simulated traces that correspond to one another are 
labeled with the same letter. Note that the observed and expected masses are in good agreement. 
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Supporting Information Figure S5.3: (A) Typical HPLC chromatogram corresponding to the purification 
of P3. Note the presence of a single main peak. (B) The corresponding normalized UV-Vis absorbance 
spectrum for P3. (C) Typical experimental MALDI-TOF spectrum for P3. (D) Simulated MALDI-TOF 
spectrum for P3. The peaks in the experimental and simulated traces that correspond to one another are 
labeled with the same letter. Note that the observed and expected masses are in good agreement. 
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Supporting Information Figure S5.4: (A) Typical HPLC chromatogram corresponding to the purification 
of P4. Note the presence of a single main peak. (B) The corresponding normalized UV-Vis absorbance 
spectrum for P4. (C) Typical experimental MALDI-TOF spectrum for P4. (D) Simulated MALDI-TOF 
spectrum for P4. The peaks in the experimental and simulated traces that correspond to one another are 
labeled with the same letter. Note that the observed and expected masses are in good agreement. 

 
Supporting Information Figure S5.5: (A) Schematic of a mercaptohexanol-backfilled monolayer from 
P1. (B) Carbon K-edge NEXAFS spectra of the P1 monolayer measured with the electric field polarized 
parallel (red) and perpendicular (blue) to the gold surface. The predicted theoretical spectrum for PTCDI is 
shown for comparison (dashed trace). The substrate-relative orientation reported for the PTCDIs within the 
monolayer was calculated from the difference in signal intensity (dichroism) between the red and blue 
traces. 
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Supporting Information Figure S5.6: (A) Schematic of a mercaptohexanol-backfilled monolayer from 
P2. (B) Carbon K-edge NEXAFS spectra of the P2 monolayer measured with the electric field polarized 
parallel (red) and perpendicular (blue) to the gold surface. The predicted theoretical spectrum for PTCDI is 
shown for comparison (dashed trace). The substrate-relative orientation reported for the PTCDIs within the 
monolayer was calculated from the difference in signal intensity (dichroism) between the red and blue 
traces. 

 
Supporting Information Figure S5.7: (A) Schematic of a mercaptohexanol-backfilled monolayer from 
P3. (B) Carbon K-edge NEXAFS spectra of the P3 monolayer measured with the electric field polarized 
parallel (red) and perpendicular (blue) to the gold surface. The predicted theoretical spectrum for PTCDI is 
shown for comparison (dashed trace). The substrate-relative orientation reported for the PTCDIs within the 
monolayer was calculated from the difference in signal intensity (dichroism) between the red and blue 
traces. 
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Supporting Information Figure S5.8: (A) Schematic of a mercaptohexanol-backfilled monolayer from 
P4. (B) Carbon K-edge NEXAFS spectra of the P4 monolayer measured with the electric field polarized 
parallel (red) and perpendicular (blue) to the gold surface. The predicted theoretical spectrum for PTCDI is 
shown for comparison (dashed trace). The substrate-relative orientation reported for the PTCDIs within the 
monolayer was calculated from the difference in signal intensity (dichroism) between the red and blue 
traces. 

 
Supporting Information Figure S5.9: (A) Chemical structure of P0. (B) Typical HPLC chromatogram 
corresponding to the purification of P0. (C) Typical experimental ESI- spectrum for P0. (D) Simulated ESI- 
spectrum for P0. The peaks in the experimental and simulated traces that correspond to one another are 
labeled with the same letter. Note that the observed and expected masses are in good agreement.  
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Supporting Information Figure S5.10: (A) Schematic of a mercaptohexanol-backfilled monolayer from 
P0. (B) Representative cyclic voltammogram obtained for a backfilled monolayer from P0. (C) 
Representative plot of the anodic peak current as a function of scan rate for a backfilled monolayer from 
P0. (D) A representative plot of the anodic overpotential as a function of the natural logarithm of the scan 
rate for P0. The red line corresponds to the linear fit of the region with η > 100 mV, which is used to obtain 
the electron transfer coefficient α and the standard electron transfer rate constant k0. 
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Supporting Information Figure S5.11: The dependence of the anodic peak current on the scan rate for 
monolayers from (A) P1, (B) P2, (C) P3, and (D) P4. The insets are schematics of the corresponding 
monolayers. Note that the linear dependence is indicative of a surface-bound species. 



114 

 
Supporting Information Figure S5.12: Cyclic voltammograms at negative potentials for 
mercaptohexanol-backfilled monolayers from (A) P1, (B) P2, (C) P3, and (D) P4. The inserts show 
schematics of the corresponding molecular wires. 

 
 
Supporting Table S5.1: Tabulated midpoint potentials, anodic to cathodic peak current ratios, anodic peak 
full widths at half maximum, and average surface coverages for P0, P1, P2, P3, and P4. The measurements 
correspond to a minimum of five independent electrodes, with the standard deviations noted in parentheses. 
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Supporting Information Figure S5.13: The chemical structures of the PTCDI-based substructures used 
for the molecular dynamics simulations and density functional theory calculations.  

 
Supporting Information Figure S5.14: Side, top, and back views of the equilibrium conformations of the 
PTCDI-containing substructures of P1, P2, P3, and P4, as obtained from the molecular dynamics 
simulations.  

P1 P2 P3 P4 
O
P
O

OO

N

O

O

O

O

N

O
PO O
O

R

O
P
O

OO

N

O

O

O

O

N

O
PO O
O

R

N

O

O

O

O

N

O
PO O
O

R

O
P
O

OO

N

O

O

O

O

N

O
PO O
O

R

N

O

O

O

O

N

O
PO O
O

R

N

O

O

O

O

N

O
PO O
O

R

O
P
O

OO

N

O

O

O

O

N

R

O
P
O

OO

N

O

O

O

O

N

O
PO O
O

R

N

O

O

O

O

N

O
PO O
O

R

N

O

O

O

O

N

O
PO O
O

R

R= O O O O O OFor Molecular Dynamics Simulations

CH3For Density Functional Theory Calculations R=

P1 P2 P3 P4 

Side 
View 

Top 
View 

Back 
View 



116 

 
Supporting Information Figure S5.15: Isosurface plots for the HOMO and LUMO of P1, P2, P3, and P4. 
The isosurface values for all of the plots have been set to 0.01 |e|/Å3. 

5.5.1: General Information and Procedures 

Materials and Reagents. All general chemical reagents were purchased from Acros 

Organics, Sigma-Aldrich, or Combi-Blocks. Solvents were obtained from Fisher 

Scientific and used as received, unless otherwise noted. Flash chromatography was 

performed using SiliCycle Silica Flash F60 silica gel. The specific chemical reagents and 

commercial phosphoramidites required for the automated synthesis steps were purchased 

from either Glen Research, Inc. or FIVEphoton Biochemicals, Inc. and used as received. 

Synthesis and Characterization of the Small Molecule Precursors. All intermediates 

and products for the phosphoramidite synthesis were characterized with nuclear magnetic 

resonance (NMR) spectroscopy and mass spectrometry. The electrospray mass 

spectrometry (ESI MS) data were obtained at the University of California, Irvine Mass 

Spectrometry Facility on a Waters LCT Premier electrospray time-of-flight instrument. 

The 1H NMR spectra were obtained on either a Bruker DRX500 or an AVANCE600 

instrument. The 13C NMR spectra were obtained on a Bruker DRX500 equipped with a 

P1 P2 P3 P4 

LUMO	

HOMO	

LUMO	

HOMO	

LUMO	

HOMO	

LUMO	

HOMO	
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CryoProbe (Bruker TCI 500 MHz, 5 mm diameter tubes). The 31P NMR spectra were 

acquired on a Bruker AVANCE600 instrument. Chemical shifts were reported in ppm for 

1H, 13C, 19F, and 31P NMR. The chemical shifts for the NMR data were referenced as 

follows: for samples in CDCl3, the 1H NMR spectra were referenced to tetramethylsilane 

(TMS) at 0.00, and the 13C NMR spectra were referenced to CDCl3 at 77.23; for samples 

in CD3OD, the 13C NMR spectra were referenced to the solvent peak at 49.00; for 

samples in CD2Cl2, the 1H NMR spectra were referenced to the solvent peak at 5.32, and 

the 13C NMR spectra were referenced to the solvent peak at 54.00. The chemical shifts 

for the 31P NMR spectra were corrected and referenced by using 1H NMR according to 

the 2008 IUPAC recommendations.[S1] The data are labeled as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = 

multiplet, br s = broad singlet), the coupling constants (in Hertz), and the integration 

value. The detailed synthetic protocols for the phosphoramidite synthesis are detailed in 

section 3.5.1. 

Synthesis and Chemical Characterization of the Molecular Wires. Macromolecules 

P0, P1, P2, P3, and P4 were synthesized on solid support according to protocols detailed 

in section 3.5.2. Macromolecule P0 was eluted with a gradient evolved from 95% solvent 

A and 5% solvent B to 0% solvent A and 100% solvent B over a period of 35 min at a 

flow rate of 1 mL/min (solvent A, 50 mM ammonium acetate, pH = 6 buffer; solvent B, 

acetonitrile) on an Agilent Eclipse Plus C18 column. Macromolecules P1, P2, P3, and P4 

were eluted with a gradient evolved from 40% solvent A and 60% solvent B to 0% 

solvent A and 100% solvent B over a period of 120 min at a flow rate of 1 mL/min 

(solvent A, 50 mM ammonium acetate, pH = 6 buffer; solvent B, methanol) on an 
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Agilent ZORBAX Stable Bond Phenyl column. The ESI- MS data were obtained at the 

University of California, Irvine Mass Spectrometry Facility on a Waters LCT Premier 

electrospray time-of-flight instrument. The MALDI-TOF mass spectra of the 

macromolecules were obtained on an Applied Biosystems Sciex MALDI-TOF/TOF 5800 

series mass spectrometer in reflectron negative mode, using a 349 nm Nd:YAG laser as 

the illumination source. The simulated MALDI-TOF and ESI- MS spectra were generated 

using AB Sciex Data Explorer. Representative HPLC chromatograms and MALDI-TOF 

mass spectra for P1, P2, P3, and P4 are shown in Supporting Information Figures S5.1 to 

S5.4. A representative HPLC chromatogram and ESI-MS spectrum for P0 are shown in 

Supporting Information Figure S5.5. 

Self-Assembly of Mixed Monolayers from the Molecular Wires. Monolayers from 

macromolecules P0, P1, P2, P3, and P4 were formed either on polycrystalline gold rod 

electrodes (Ø = 2 mm; CH Instruments) or 80 nm-thick gold films evaporated onto Si 

(100) substrates (International Wafer Service) according to established protocols[S2-S4]. 

For the electrochemical experiments, the electrodes were cleaned before each experiment 

through sequential polishing with wet alumina slurries (Buehler; particle sizes: 1.0, 0.3, 

and 0.05 µm) on polishing cloth (Buehler). The electrodes were then sonicated, 

electrochemically etched, thoroughly rinsed with MilliQ water, and dried under argon. 

For the X-ray spectroscopy experiments, the films were cleaned with sequential 

sonication in acetone, isopropanol, and methanol. The macromolecules were self-

assembled onto either the gold electrodes or gold films from methanol over a period of 16 

to 24 hours. The monolayers were in turn backfilled with 1 mM mercaptohexanol, 
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displacing non-specifically bound species. The monolayers were used for electrochemical 

and spectroscopic measurements immediately after backfilling.  

X-ray Spectroscopy of Mixed Monolayers from the Molecular Wires. X-ray 

spectroscopy experiments were performed at the ALOISA beamline of the Elettra 

Synchrotron in Trieste, Italy in an ultra-high vacuum end station.[S5] Experimental 

protocols for the various techniques are detailed in section 3.5.5.  

Electrochemistry of Mixed Monolayers from the Molecular Wires. Experimental 

procedures for cyclic voltammetry (CV) measurements for monolayers from the 

macromolecules are detailed in section 3.5.6. 

Calculation of the Electron Transfer Rate Constants. The standard electron transfer 

rate constants k0 for mercaptohexanol-backfilled monolayers from macromolecules P0, 

P1, P2, P3, and P4 were determined by following the procedures detailed in section 

3.5.7. 

Molecular Dynamics Simulations for the PTCDI-Based Substructures of the 

Molecular Wires. The molecular dynamics simulations for the PTCDI-based 

substructures for molecular wires P1, P2, P3, and P4 were performed with GAFF in 

NAMD 2.9. The simulations employed the Generalized Born Implicit Solvent model 

(GBIS) and a monovalent salt concentration of 0.115 M. For the simulations, the 

substructures of P1, P2, P3, and P4 featuring the full length side chains (Supporting 

Information Figure S5.13) were parameterized according to established literature 

protocols[S3] and were in turn used for the molecular dynamics simulations. For each 

simulation, the starting configuration was obtained by turning off the attractive van der 

Waals interactions in the force field and setting the temperature to 500 K, thereby 
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ensuring that all PTCDI moieties were completely separated from one another in an 

unstacked random open configuration. To initiate the simulation, the attractive van der 

Waals interactions were turned on, and the initial temperature was set to 300 K. All of the 

simulations were performed at a constant temperature of 300 K for 20 ns, ensuring that 

steady state was reached. The simulations were analyzed by monitoring the relative 

center of mass (COM) distances and offset angles for every pair of PTCDIs.[S3] The COM 

distances were calculated from the atomic coordinates and atomic mass of the individual 

PTCDIs. Here, the offset angles were obtained by constructing a vector from the nitrogen 

closest to the backbone to the nitrogen farthest from the backbone for the individual 

PTCDIs. The dot product of these vectors for every pair of PTCDIs defined the offset 

angles used for the analysis. The COM distances and offset angles indicated the relative 

separation and alignment of the PTCDIs, respectively, yielding the geometries in 

Supporting Information Figure S5.14. 

5.5.2: Density-Functional Theory Calculations for the Substructures of the 

Molecular Wires. 

Ground state density functional theory calculations for the substructures of P1, P2, 

P3, and P4 were performed in Gaussian 09.[S12] The averaged structures from the 

molecular dynamics simulations were used for the substructure geometries. For 

computational simplicity, the DFT calculations employed PTCDIs that were substituted 

with methyl groups (rather than hexaethyleneglycol monomethyl ether) at the imide 

positions opposite to the phosphate backbone. The atomic orbitals were expanded in the 

cc-pVTZ and 6-31G(d,p) basis sets, and the ground state calculations were performed 
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with all combinations of the aforementioned basis sets, as well as the CAM-B3LYP,[S13] 

B3LYP, and LC-wPBE functionals. The results we report utilize the CAM-B3LYP 

functional and the cc-pvtz basis set. The molecular orbitals were obtained in Gaussian 09 

for the HOMO and LUMO of each PTCDI-based macromolecule (Supporting 

Information Figure S5.15). The isosurface plots were rendered in VESTA.[S14] 
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CHAPTER 6 Unexpected Length Dependence of Excited-State 

Charge Transfer Dynamics in Surface-Confined Perylenediimide 

Ensembles 

 

6.1: Abstract 

The performance of devices from organic semiconductors is often governed by 

charge transfer phenomena at structurally and electronically complex interfaces, which 

remain challenging to access and study with excellent chemical and temporal resolution. 

Herein, we report the preparation and x-ray spectroscopic characterization of well-

defined model organic-inorganic interfaces. We discover an unexpected trend in our 

systems' associated charge transfer times across these interfaces, and we rationalize this 

trend with density functional theory calculations. Our findings hold relevance for 

understanding interfacial charge transport phenomena in a variety of organic, biological, 

and bioinspired systems. 

6.2: Introduction 

Organic semiconductors have been touted as the next generation of electronic 

materials, with the potential to replace their more established inorganic counterparts, and 

as such, they have witnessed tremendous advances within the past two decades.1-9 The 

performance of devices from organic materials (i.e. light emitting diodes, photovoltaics, 

and transistors) crucially depends on various charge transfer phenomena at their organic-

inorganic interfaces (i.e. electron transfer, exciton dissociation, exciton generation, and 

many others).10-15 Traditionally, these phenomena have been studied with spectroscopic 

techniques for either isolated molecular systems in solution or relatively thick bulk films 
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at solid substrates.16-21 However, such experiments often do not adequately capture the 

intrinsic properties of organic-inorganic interfaces, where molecule-molecule and 

molecule-substrate interactions are notoriously complicated.10-15 Moreover, the 

experiments often provide misleading results for length scales < ~ 5 nm, where organic 

semiconductors undergo an evolution in their electronic structure from isolated molecules 

to extended solids.22-24 Consequently, there exists an opportunity for the development of 

strategies that facilitate detailed studies of excited-state charge transfer phenomena within 

well-defined carbon-based model systems at solid substrates. 

Herein, we use synchrotron-based spectroscopy to quantify excited-state charge 

transfer dynamics at model organic-inorganic interfaces. First, we form a series of well-

defined, backfilled monolayers via self-assembly of distinct DNA-like macromolecules 

from perylene-3,4,9,10 tetracarboxylic diimide (PTCDI) building blocks. We next probe 

our monolayers with resonant photoemission spectroscopy (RPES) and use the core-hole 

clock (CHC) method to quantify the rate of excited-state charge transfer, i.e. electron 

delocalization, from the molecules to their surroundings. We observe an unexpected 

length-dependent trend for the charge transfer times, which we rationalize with density 

functional theory calculations. Our findings hold significance for the development of 

improved organic-inorganic interfaces in organic electronic devices and for the 

fundamental study of charge transport phenomena across a variety of organic, biological, 

and bioinspired systems. 
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6.3: Results and Discussion 

	
Figure 6.1: Illustration of backfilled monolayers from macromolecules P1, P2, P3, and P4 on gold 
substrates. The macromolecules feature terminal thiol and ferrocene moieties, as well as tracts of one, 
two, three, or four PTCDIs. The legend on the right shows the components of our model systems. 

 
For our experiments, we prepared the model organic-inorganic interfaces 

illustrated in Figure 6.1, which drew inspiration from the architecture of organic 

semiconductor thin films and the self-assembly properties of duplex DNA. First, we 

chose the classic PTCDI organic semiconductor for our experiments because its 

electronic properties and self-assembly characteristics have been extensively explored.25-

28 Next, we used established automated oligonucleotide chemistry to synthesize and 

characterize a series of DNA-like macromolecules (denoted as P1, P2, P3, and P4), 

which consisted of one to four PTCDI moieties arranged on a phospho-alkane backbone, 

as well as alkanethiol and ferrocene functionalities at opposing termini (Supporting 

Information Figures S6.1 – S6.4).29-39 Here, the incorporation of a negatively-charged 

backbone and solubilizing hexaethylene glycol imide substituents facilitated processing 

and mitigated the possibility of intermolecular aggregation. Subsequently, we leveraged 

standard DNA self-assembly strategies40-43 to form backfilled monolayers on gold 
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substrates from our thiol-modified macromolecules. Importantly, the monolayers were 

relatively dilute with surface coverages of ~ 20 to ~ 25 pmol/cm2, as determined from 

electrochemical measurements,44 and their constituent PTCDI-based macromolecules 

adopted upright orientations at nearly identical angles of ~ 60 to ~ 61° relative to the 

substrates, as determined from near-edge X-ray fine structure absorption spectroscopy.44 

Such precisely-defined organic-inorganic interfaces enabled the systematic investigation 

and direct comparison of excited-state charge transport phenomena within a uniform 

context. 
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Figure 6.2: (A) Illustration of the promotion of a core electron to the LUMO (left), the relaxation of the 
excited electron via the participator decay process (middle), and delocalization of the electron into the 
surrounding electronic environment (right). (B) A two-dimensional plot of the RPES intensity versus the 
photon energy and electron binding energy for a monolayer from P1. The red dashed line corresponds to 
the one-dimensional (single photon energy) scan plot of the RPES intensity versus the electron binding 
energy for P1 plotted in (C). (C) The normalized RPES intensity profiles for the P1 (red), P2 (blue), P3 
(green), P4 (black) monolayers. The data is extracted from the two-dimensional RPES intensity plots at 
photon energies of 285.4 eV, corresponding to the promotion of a carbon 1s core electron to the 
LUMO+1. 

 

We proceeded to study excited-state charge transfer dynamics at our model 

organic-inorganic interfaces with synchrotron-based resonant photoemission 

spectroscopy (RPES), a surface-sensitive technique that provides information on electron 

delocalization dynamics with atomic-level chemical resolution and femtosecond (or even 

sub-femtosecond) temporal resolution.45-50 In a typical incarnation of this technique, X-

ray radiation promotes an atomically localized core electron to an unoccupied orbital 

(e.g., the LUMO), producing an excited electron and a core-hole (Figure 6.2A, left). 

Subsequently, the excited electron may relax via multiple processes, including an 

autoionization process known as participator decay (Figure 6.2A, middle) and general 

charge transfer into the surroundings (Figure 6.2A, right).45-50 For the participator decay 

process, the excited electron participates in the core-hole decay and another electron from 

an occupied orbital (e.g. the HOMO) is ejected (Figure 6.2A, middle), yielding a 

resonantly enhanced peak that is degenerate with the direct photoemission process.45-50 

For the charge transfer process, the excited electron delocalizes from the 

macromolecules’ LUMO into the substrate or general surrounding electronic 

environment (Figure 6.2A, right), quenching the intensity of the participator decay 

signal.45-50 As a specific example, Figure 6.2B shows a two-dimensional plot of the 

normalized resonant photoemission intensity versus the photon energy and electron 

binding energy for a monolayer from P1, with the non-resonant background subtracted (a 
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wider photon energy range is shown in Supporting Information Figure S6.1). The plot 

displayed a prominent peak for photon energies between 284 eV and 286 eV and binding 

energies between 2.2 eV to 5 eV, along with a broad Auger decay hump at higher binding 

energies (Figure 6.2B and Supporting Information Figure S6.1). Based on the NEXAFS 

and RPES spectra previously reported for PTCDIs, we attributed the prominent peak to 

the resonantly enhanced HOMO resulting from participator decay of a carbon 1s core 

electron that had been promoted to the LUMO and/or LUMO+1.44,51-53 Importantly, an 

analysis of the spectra obtained for monolayers from P2, P3, and P4 yielded very similar 

characteristic signals, which we assigned in analogous fashion (Supporting Information 

Figures S6.2-S6.4). These findings demonstrated that the RPES spectra of monolayers 

from P1, P2, P3, and P4 generally resembled both one another and the spectra previously 

reported for PTCDI-based materials.52,53 
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Figure 6.3: The calculated charge transfer times for P1, P2, P3, and P4 (the illustrations of the 
corresponding macromolecules are inset). Note that the charge transfer times decrease as the length of 
the columnar molecular stack increases. 

 

We next used the core-hole clock method to evaluate the intrinsic excited-state 

charge transfer times from the RPES plots obtained for backfilled monolayers from P1, 

P2, P3, and P4.47 Figure 6.2C shows one-dimensional plots of the RPES intensity versus 

the electron binding energy for these monolayers at a photon excitation energy of 285.4 

eV (specifically corresponding to the promotion of a carbon 1s core electron to the 

LUMO+1).44,51 By evaluating the quenching of the prominent participator decay peaks at 

3.4 eV,54 we extracted the excited electron delocalization rates and hence the associated 

charge transfer times of 11.5 ± 1.5 fs, 8.4 ± 1.0 fs, 5.2 ± 0.5 fs, and 5.7 ± 0.6 fs for 

backfilled monolayers from P1, P2, P3, and P4, respectively (see the Supporting 

Information for calculation details and Figure 6.3).55,56 Here, the observed charge transfer 

times generally decreased with increasing molecular length (i.e. greater number of 

PTCDI building blocks), with a substantial difference between monolayers from P1 and 

monolayers from P4. The observed trend was surprising, as previous studies have 

explicitly demonstrated that charge transfer times roughly increase with length for nitrile- 

and ferrocene-terminated alkanethiol monolayers (in contrast to our findings).57,58 Indeed, 

for the P1 to P4 series, the longer macromolecules extend farther from the surface and 

should be more poorly coupled with the substrate, hindering delocalization of the excited 

electrons and presumably leading to an increase (rather than a decrease) in the observed 

charge transfer times. 

To rationalize our unexpected findings, we examined the electronic structure of 

the P1 to P4 series. For this purpose, we used molecular dynamics simulations to obtain 
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the equilibrium geometries of our macromolecules’ PTCDI-based substructures39,44 (see 

Supporting Information for details and images) and density functional theory calculations 

to generate the shapes and energies of their corresponding molecular orbitals, both in the 

ground state and with a core electron promoted to the LUMO+1 orbital (Supporting 

Information Figures S6.6 and S6.7).59-62 Interestingly, we noted that the electron density 

was delocalized over either the entirety or majority of our macromolecules’ aromatic 

cores, as exemplified by the isosurface plots of their LUMO+1 orbitals (Supporting 

Information Figures S6.6 and S6.7). In addition, we found that P1, P2, P3, and P4 

featured LUMO+1 energies of –0.9 eV, –2.9 eV, –3.2 eV, and –3.1 eV, respectively (note 

that these values are approximations, as our calculations employ functionals with limited 

accuracy and do not take into account solvent and substrate effects). Furthermore, in 

agreement with previous computational findings,28,63 we observed the appearance of 

multiple, distinct, energetically similar unoccupied states for our macromolecules 

(Supporting Information Figure S6.8). Given these calculations, the measured unexpected 

trend in the charge transfer times could be rationalized by considering the delocalization 

of the LUMO+1 orbitals, as well as the introduction of the new energy states, for P1, P2, 

P3, and P4. This length-dependent evolution in our macromolecules’ electronic 

properties likely facilitated efficient delocalization of the excited electrons into their 

surroundings. 

6.4: Conclusion 

In conclusion, we have quantified excited-state charge transfer dynamics at 

PTCDI-based model organic-inorganic interfaces, and our study holds significance for 

several reasons. First, the presented approach employs entrenched DNA synthesis and 
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self-assembly techniques to produce well defined arrays of columnar stacks of organic 

semiconductor building blocks at solid substrates. Such precise control is difficult to 

achieve within traditional synthesis and self-assembly contexts, potentially making our 

strategy valuable for scientists working on understanding charge transfer phenomena. 

Second, the reported measurements reveal an unexpected trend in the rate of charge 

transfer from our macromolecules to their surroundings, which decreases, rather than 

increases, with molecular length. This trend can be rationalized by considering the 

evolution in electronic structure that occurs when organic semiconductors transition from 

isolated molecules to extended solids. Third, our experiments provide access to charge 

transfer dynamics at model interfaces with atomic-level chemical resolution and 

femtosecond-range temporal resolution. Given that core-level excited states share some 

common features with valence-level excited states for �-conjugated organic 

semiconductors,64 our strategy may prove valuable for fundamentally understanding 

interface-associated charge transfer dynamics across a broad range of carbon-based 

materials. Finally, the calculated charge transfer times of ~ 6 to ~ 12 fs measured for our 

DNA-like constructs are virtually identical to charge transfer times of ~ 6 fs measured for 

DNA under analogous conditions.65,66 This direct comparison is interesting from the 

perspective of the DNA conductivity field and supports the classic notion that duplex 

DNA shares characteristics with one-dimensional aromatic crystals, further underscoring 

the general applicability of our work.67-69 Altogether, the presented methodology may 

open new opportunities for the fundamental study of structure-function relationships in 

arbitrary organic materials, nanoscale charge transfer phenomena at device-relevant 

organic-inorganic interfaces, and conductivity in biological and bioinspired systems. 
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6.5: Supporting Information 

Supporting Information Figure S6.1: (A) Chemical structure of the P1 macromolecule. (B) Illustration of 
a mixed monolayer from P1. (C) A two-dimensional plot of the signal intensity versus the photon energy 
and electron binding energy for a monolayer from P1. The red dashed line corresponds to the one-
dimensional plot of the signal intensity versus the electron binding energy in D. (D) The normalized 
resonant participator intensity profile for the P1 monolayer at an incident photon energy of 285.4 eV. 

 

Supporting Information Figure S6.2: (A) Chemical structure of the P2 macromolecule. (B) Illustration of 
a mixed monolayer from P2. (C) A two-dimensional plot of the signal intensity versus the photon energy 
and electron binding energy for a monolayer from P2. The red dashed line corresponds to the one-
dimensional plot of the signal intensity versus the electron binding energy in D. (D) The normalized 
resonant participator intensity profile for the P2 monolayer at an incident photon energy of 285.4 eV. 

 Supporting Information Figure S6.3: (A) Chemical structure of the P3 macromolecule. (B) Illustration 
of a mixed monolayer from P3. (C) A two-dimensional plot of the signal intensity versus the photon energy 
and electron binding energy for a monolayer from P3. The red dashed line corresponds to the one-
dimensional plot of the signal intensity versus the electron binding energy in D. (D) The normalized 
resonant participator intensity profile for the P3 monolayer at an incident photon energy of 285.4 eV. 
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Supporting Information Figure S6.4: (A) Chemical structure of the P4 macromolecule. (B) Illustration of 
a mixed monolayer from P4. (C) A two-dimensional plot of the signal intensity versus the photon energy 
and electron binding energy for a monolayer from P4. The red dashed line corresponds to the one-
dimensional plot of the signal intensity versus the electron binding energy in D. (D) The normalized 
resonant participator intensity profile for the P4 monolayer at an incident photon energy of 285.4 eV. 

 

Supporting Information Figure S6.5: (A) Chemical structure of the small molecular PTCDI derivative 2’ 
used to form the multilayer. (B) Illustration of a multilayer from the small molecular PTCDI derivative. (C) 
A two-dimensional plot of the signal intensity versus the photon energy and electron binding energy for the 
PTCDI multilayer. The red dashed line corresponds to the one-dimensional plot of the signal intensity 
versus the electron binding energy in D. (D) The normalized resonant participator intensity profile for 
PTCDI multilayer at an incident photon energy of 285.4 eV. 
 

 
 

Supporting Information Figure S6.6: Isosurface plots for the LUMO + 1 of P1, P2, P3, and P4 for the 
ground state in the absence of a core hole. The isosurface values for all of the plots have been set to 0.01 
|e|/Å3.  

 

Supporting Information Figure S6.7: Isosurface plots for the LUMO + 1 of P1, P2, P3, and P4 in the 
presence of a core hole and with an electron promoted to the orbital. The isosurface values for all of the 
plots have been set to 0.01 |e|/Å3.  
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Supporting Information Figure S6.8: The theoretically determined energies of the LUMOs (as well as 
energetically-similar orbitals) for P1, P2, P3, and P4. The energies correspond to the ground state 
calculations in the absence of a core hole, i.e. Supporting Information Figure S6.6.  

6.5: General Information and Experimental Procedures 

Information and general procedures for the synthesis of the macromolecules, 

molecular dynamics simulations, density functional theory calculations, and self-

assembly onto gold substrates is provided in section 5.5. Information on the x-ray 

spectroscopy and calculation of charge transfer times for the monolayers is provided in 

section 3.5.  
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CHAPTER 7 An Aza-Diels–Alder Route to Polyquinolines 

 

7.1: Abstract 

Polyquinolines have been studied since the early 1970s due to their favorable 

chemical, optical, electrical, and mechanical properties. To date, relatively few synthetic 

strategies have been developed for the preparation of polyquinolines. Herein, we 

demonstrate the application of the aza-Diels–Alder (Povarov) reaction for the preparation 

of soluble polyquinolines from a bifunctional monomer. Our approach furnishes 

polyquinolines with a unique architecture and connectivity in only two synthetic steps 

from inexpensive, commercially available reagents. The reported strategy may therefore 

represent a welcome addition to the polymer chemist’s toolkit by providing ready access 

to a diverse library of polyquinoline-type materials. 

7.2: Introduction 

Polyquinolines have been studied both in academia and industry since the early 

1970s due to their impressive chemical stability, as well as their excellent optical, 

electrical, and mechanical properties.1-18 Indeed, such favorable properties have enabled 

polyquinolines to demonstrate their promise for not only optoelectronic7-13 but also 

biomedical14-18 applications. Currently, polyquinolines are prepared via a limited number 

of synthetic routes, including transition metal catalyzed Suzuki19,20 and Sonogashira 

couplings,21 oxidative polymerizations,22 and the Friedlander synthesis.1,23-29 The latter 

approach has proven particularly effective, as demonstrated in seminal studies by Jenekhe 

and coworkers.12,13,29-33 However, the known routes to polyquinolines suffer from some 

disadvantages: they often require difficult multi-step monomer syntheses, yield products 
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with poor solubility, or provide access to only a limited number of structural motifs. For 

example, many polyquinolines require complex side chain substituents for enhanced 

solubility,34-39 and certain backbone architectures, such as 4,6-linked polyquinolines, 

cannot be accessed via the Friedlander approach. Given these limitations, there remains a 

need for the development of alternative strategies for the synthesis of polyquinoline-type 

materials.  

Herein we report an aza-Diels–Alder strategy for the preparation of soluble 4,6-

linked polyquinolines in only two steps.40,41 We first validate our approach by preparing 

and characterizing a small molecular model compound. Subsequently, we synthesize an 

AB-type bifunctional monomer in a single step from inexpensive, commercially available 

reagents. Next, we adapt the conditions used for the preparation of the model compound 

and synthesize a 4,6-linked, soluble polyquinoline via a Diels–Alder AB-type 

polymerization reaction.42-44 We definitively confirm the identity of our polymer with gel 

permeation chromatography (GPC), 1H-nuclear magnetic resonance (1H-NMR) 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and ultraviolet visible 

(UV-Vis) spectroscopy. Overall, our findings constitute a facile approach to a new family 

of polyquinoline materials. 

7.3: Results and Discussion 

We began our studies by synthesizing model quinoline compounds via the aza-

Diels–Alder (Povarov) reaction, as illustrated in Scheme 7.1. We first formed Schiff 

bases 1a and 1b in a single step from commercially available reagents by using standard 

reaction conditions previously reported in the literature.45 We next reacted 1 with 

phenylacetylene in the presence of a Lewis acid mediator and chloranil46 as a sacrificial 
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oxidant.47-50 To optimize our reaction conditions, we screened a number of Lewis acids 

known to mediate the Povarov reaction,41 finding that BF3·OEt2 provided both the best 

yield and the desired regioselectivity. Overall, our mild and straightforward reaction 

conditions exclusively produced 2a and 2b as the products in good yields (Scheme 7.1). 

 

Scheme 7.1: Synthesis of the model quinoline compounds 2a and 2b.  

 

Scheme 7.2: Synthesis of the bifunctional monomer 3 and polyquinoline 4. 

 
We proceeded to characterize model compound 2a with 1H NMR (Figure 7.1a). 

The 1H NMR spectrum featured three apparent doublets at 8.19 ppm, 8.11 ppm, and 7.80 

ppm; a broad apparent singlet at 8.04 ppm; and a singlet at 7.84 ppm. We tentatively 

assigned the doublet at 8.19 ppm to the ortho position of one of the quinoline’s pendant 

phenyl groups (Ha), and the narrow singlet at 8.04 ppm to position 3 on the quinoline ring 

(Hb). We assigned the remaining doublets at 8.11 ppm and 7.80 ppm to positions 7 and 8 

of the quinoline ring, respectively (Hd and He), and the broad apparent singlet at 8.04 

ppm to position 5 of the quinoline ring (Hc). Our postulated assignments for all of the 
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proton resonance peaks were further validated via 2D Correlation Spectroscopy (COSY) 

experiments (Supporting Information Figure S7.1).51 

 

Figure 7.1: (A) The chemical structure of compound 2a (left) and assignment of its 1H NMR spectrum 
(right). The assignment of each proton resonance for 2a was facilitated by COSY experiments, and the 
regiochemistry of 2a was determined via NOE experiments. (B) The corresponding X-ray crystal structure 
of 2a, which validates the 1H NMR NOE analysis. 

 

It is important to note that the NMR spectra obtained for our crude Povarov 

reaction mixtures indicated the presence of a single regioisomer (Supporting Information 

Figure S7.2). To confirm this observation, we evaluated the regioisomers identity via 

Nuclear Overhauser Effect (NOE) experiments, as illustrated for the typical model 

compound 2a (Figure 7.1).51 For 2a, we observed a 2% enhancement in the NOE signal 

between protons Ha and Hb on the quinoline ring, indicating their proximity. However, 

we did not observe an enhancement in the NOE signal between Hb and Hc. These 

findings confirmed only a single regioisomer was produced during the course of our 

reaction. 

We sought to further characterize the absolute configuration of our product. We 

therefore grew crystals of 2a and determined its structure with standard X-ray 

crystallography techniques (Figure 7.1B). An analysis of the structure indicated that the 

pendant phenyl substituents were twisted out of planarity relative to the quinoline ring 

system, with the phenyl ring at position 2 of the quinoline possessing a smaller dihedral 

A B 
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angle (24°) than the phenyl ring at position 4 (45°). This difference was likely due to the 

absence of a hydrogen on the pyridinic nitrogen and the consequent reduced allylic strain 

at position 2. Thus, the X-ray crystallographic analysis unequivocally confirmed the 

identity of 2a.  

 
Figure 7.2: SEC-RI analysis of the polymerization reaction. The reaction was monitored at intervals of 2 
hours (orange trace), 4 hours (brown trace), 6 hours (green trace), 10 hours (purple trace), and 24 hours 
(blue trace). Monomer 3 is shown for comparison (red trace). The peak corresponding to the monomer 
disappears by 6 hours and is replaced by oligomeric and polymeric products. After 10 hours, there is little 
increase in the size of the polymer. 
 

Having validated the regioselectivity of our reaction conditions, we next prepared 

the bifunctional AB-type monomer required for the polymerization reaction, as illustrated 

in Scheme 7.2. The design of this monomer incorporated the requisite alkyne and 

aldimine functional groups within a single substrate, as well as an alkyl chain for 

enhanced solubility. By adapting the reaction conditions used to synthesize 1, we 
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produced Schiff base 3 in 43% isolated yield. Notably, the preparation of the bifunctional 

monomer required inexpensive, commercially available reagents and only a single 

synthetic step. 

 
Figure 7.3: SEC-MALS analysis of polyquinoline 4 after DDQ treatment and chromatographic 
purification/precipitation. The blue trace shows the refractive index signal, and the overlaid black trace 
indicates the corresponding molecular weight of the polymer.  
 

We subsequently used the reaction conditions optimized for the synthesis of 

compound 2 to polymerize AB-type monomer 3. The reaction progress was monitored by 

size exclusion chromatography with a refractive index detector (SEC-RI), as illustrated in 

Figure 7.2. Initially, a chromatogram of a sample of the pure bifunctional monomer 

showed a single sharp peak, as expected (Figure 7.2, red trace). Subsequently, 2 hours 

after the start of the reaction, monomer consumption was accompanied by the appearance 

of small oligomers (Figure 7.2, orange trace). After 6 hours, the monomer was 

completely consumed, with the chromatogram indicating the presence of higher 

molecular weight species (Figure 7.2, green trace). Furthermore, after 10 hours, the 

chromatogram showed only slightly shorter elution times for the polymer (Figure 7.2, 

purple trace), and no further increase in molecular weight was observed after 24 hours 

(Figure 7.2, blue trace). The observed gradual molecular weight build-up during the 
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polymerization, as well as the polydispersity of the crude product, were consistent with a 

step-growth mechanism and closely resembled literature precedent for Diels-Alder AB-

type polymerizations.42-44,52 

 
Figure 7.4: The 1H NMR spectra obtained for (A) the model quinoline compound 2b (black trace), (B) the 
bifunctional monomer 3 (red trace), and (C) the polyquinoline 4 (blue trace). The spectrum of the 
polyquinoline exhibits the expected signal broadening. Note that the alkyne and aldimine proton resonances 
of the bifunctional monomer (labeled Hf and Hg) are observed only for monomer 3. 
 

We proceeded to purify polymer 4 for further analysis. We first quenched our 

reaction mixture after a period of 24 hours by addition of aqueous sodium bicarbonate. 

Per literature precedent, we then treated the crude polymer with 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ)53 in order to ensure rearomatization of the reaction 

products and, thus, eliminate any potential defects.43,54 We next purified polymer 4 via a 

two-step chromatography/ethanol precipitation procedure (See Supporting Information 

for experimental details). After purification, the polyquinoline was analyzed with size 

exclusion chromatography via a multi-angle light scattering detector (SEC-MALS) to 

obtain its unambiguous molecular weight; a representative chromatogram is shown in 

Figure 7.3. The purified material featured a number average molecular weight (Mn) of 

A

B

C
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10.1 kg mol-1 with a polydispersity index (PDI) of 1.04, corresponding to a degree of 

polymerization of 32. This material was used for all subsequent characterization and 

analysis steps.  

 
Figure 7.5: The FTIR spectra obtained for the model compound 2b (black trace), monomer 3 (red trace), 
and the polyquinoline 4 (blue trace). The alkyne CC (right inset) and CH peaks (left inset) are present at 
2100–2250 cm-1 and 3250–3350 cm-1, respectively, for monomer 3 and polyquinoline 4. The aldimine 
peaks are present at 1626 cm-1 for monomer 3 and 1616 cm-1 for polyquinoline 4. The quinoline core peaks 
are present at 1588 cm-1 for model quinolone compound 2b and 1585 cm-1 for polyquinoline 4. 

 

We proceeded to analyze purified polymer 4 with 1H NMR spectroscopy by 

comparing its spectrum to the spectra of the model quinoline compound 2b and the 

bifunctional monomer 3 (Figure 7.4). First, we noted that the NMR spectrum of 4 

featured signal broadening, as expected for a polymeric material (Figure 7.4C). The 

resonances of the aromatic peaks between 6.5 and 9.5 ppm (Figure 7.4C) were also 

shifted downfield relative to the aromatic region of the monomer (Figure 7.4B) but were 

in a similar location to those found for the aromatic region of the model quinoline 

compound (Figure 7.4A). Moreover, the integration ratio between the aromatic and 

aliphatic regions of our polymer was ~1:2, as would be expected based on the postulated 

structure and repeat unit of 4. Finally, the NMR spectra of model compound 2b (Figure 
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7.4A) and 4 (Figure 7.4C) lacked the characteristic peaks at 3.15 ppm and 8.41 ppm 

associated with the alkyne and aldimine proton resonances, respectively. These peaks are 

prominent in the spectrum of bifunctional monomer 3 (Hf and Hg in Figure 7.4B). In their 

totality, our observations and 1H NMR analysis indicated the formation of an extended 

aromatic system consisting of 4,6-linked quinoline subunits. 

We in turn analyzed our material with FTIR spectroscopy, comparing its spectrum 

to those obtained for the quinoline model compound 2b and monomer 3 (Figure 7.5). The 

spectrum of 4 revealed characteristic absorption peaks at 2854 cm-1–2925 cm-1, 1585 cm-

1, 1616 cm-1, 2216 cm-1, and 3298 cm-1, which we assigned based on literature precedent 

to the alkyl, quinoline, imine, alkyne CC, and alkyne CH functionalities, respectively 

(Figure 7.5, blue trace).55 The presence of peaks corresponding to imine and alkyne 

functionalities (which were not detected with 1H NMR) indicated that the polymer’s end 

groups remained intact during the reaction and subsequent workup. Our proposed 

assignments were corroborated by the spectrum of bifunctional monomer 3, which 

featured peaks at 2854 cm-1–2925 cm-1, 1626 cm-1, 2146 cm-1, and 3319 cm-1, 

corresponding to the alkyl chain, imine, alkyne CC, and alkyne CH functionalities, 

respectively (Figure 7.5, red trace). In contrast, the spectrum of model compound 2b 

lacked the imine and alkyne peaks but did feature both a peak at 1588 cm-1, 

corresponding to its quinoline core, and a cluster of peaks at 2852 cm-1–2924 cm-1, 

corresponding to its alkyl substituents (Figure 7.5, black trace). Together, these 

observations provided additional confirmation of the identity of 4.   
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Figure 7.6: The UV-Vis absorbance spectra obtained for model quinoline 2b (black trace), monomer 3 (red 
trace), and polyquinoline 4 (blue trace). Note that the spectrum for polyquinoline 4 is broadened and red 
shifted with respect to model quinoline 2b, confirming the formation of an extended pi-conjugated system. 
 

Finally, we investigated the optical properties of polymer 4 with UV-Vis 

spectroscopy (Figure 7.6). The spectrum obtained for 4 featured broad peaks at 275 nm 

and 338 nm, with an absorption onset at 460 nm (Figure 7.6, blue trace). In comparison, 

the spectrum of model quinoline compound 2b featured sharper peaks at 275 nm, 335 

nm, and 348 nm, with an absorption onset at 365 nm (Figure 7.6, black trace); and the 

spectrum of bifunctional monomer 3 featured peaks at 277 nm and 327 nm, with an 

absorption onset at 386 nm (Figure 7.6, red trace). The red shift in the absorption onset 

and broadening observed for the polyquinoline’s spectrum, relative to the spectra of both 

the monomer and the model quinoline compound, were indicative of the formation of a 

macromolecule with an extended π-conjugated system. 

7.4: Conclusion 

In summary, we have demonstrated a previously unknown synthetic route to 

polyquinolines, which features a number of advantages. First, our approach proceeds in 

two simple synthetic steps, and requires only commercially available starting materials, 
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making it amenable to scale-up. Given the simple procedures described herein and the 

large number of commercially available benzaldehyde derivatives, our strategy can 

provide facile access to a diverse library of new polyquinoline-type materials. Second, 

our scheme furnishes polyquinolines linked at the 4,6 positions of the quinoline ring, 

which have never been previously reported and cannot be accessed via the Friedlander 

reaction (the current workhorse of polyquinoline synthesis). Due to this new architecture, 

our products exhibit excellent solubility, without requiring branched alkyl side chain 

substituents or backbone spacers. Finally, to the best of our knowledge, these findings 

constitute the first report of the application of the Povarov reaction to an AB-type Diels–

Alder polymerization. Overall, our synthetic strategy may represent a welcome addition 

to the polymer chemist’s toolkit for the preparation of polyquinoline-derived materials 

for a variety of organic electronic applications. 

7.5: Supporting Information 
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Figure S7.1: The COSY spectrum obtained of compound 2a, which was used to assign the aromatic 
protons. 

 
Figure S7.2: The 1H NMR spectrum obtained of the crude reaction mixture for compound 2a. 
 

 

	
Figure S7.3: The 1H NMR spectrum obtained for purified material 4. 
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7.5.1: General Information and Procedures 

Materials and General Experimental Procedures. All chemicals were purchased from 

Acros Organics or Sigma–Aldrich, and all solvents were obtained from Fisher Scientific 

and used as received unless otherwise noted. The toluene used to prepare the model 

systems and polymer was dried with 3 Å molecular sieves and stored under argon.1S All 

glassware was oven dried at 150 °C overnight. The reactions were performed under dry 

argon unless otherwise noted.  

Compound Purification Procedures. Flash chromatography was performed using a 

CombiFlash Rf 200 purification system manufactured by Teledyne Isco. Deactivated 

silica gel was prepared by flushing the silica gel cartridge with 1/9 triethylamine/hexanes, 

followed by hexanes to remove excess triethylamine. Preparatory size exclusion 

chromatography for polyquinolines was performed with chloroform as the mobile phase 

using a gravity fed column (70 mm x 254 mm) containing BioBeads SX-1 resin (200–400 

mesh, Bio-Rad Laboratories, Hercules, CA). Additional purification-relevant information 

and protocols are noted below as required. 

Reaction Product Characterization Procedures. All intermediates and products were 

characterized with a combination of nuclear magnetic resonance (NMR) spectroscopy, 

mass spectrometry, Fourier transform infrared (FTIR) spectroscopy, and/or ultraviolet-

visible (UV-Vis) spectroscopy. The 1H-NMR spectra were obtained on a Bruker 

AVANCE400, a Bruker DRX500, or an AVANCE600 instrument. The 13C NMR spectra 

were obtained on a Bruker DRX500 outfitted with a CryoProbe (Bruker TCI 500 MHz, 5 

mm diameter tubes). Chemical shifts were reported in ppm for 1H and 13C NMR. The 

chemical shifts for the NMR data were referenced as follows: for samples in CDCl3, the 
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1H NMR were referenced to tetramethylsilane (TMS) at 0.00, and the 13C NMR were 

referenced to CDCl3 at 77.16; for samples in CD2Cl2, the 1H NMR were referenced to the 

solvent peak at 5.32 ppm, and the 13C NMR were referenced to the solvent peak at 54.00. 

The data are labeled as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, quint = quintet, m = multiplet, br s = broad singlet), the coupling 

constants (in Hertz), and the integration value. The high resolution electrospray mass 

spectrometry (HRMS ESI) data was obtained at the University of California, Irvine Mass 

Spectrometry Facility on a Waters LCT Premier electrospray time-of-flight instrument. 

MALDI-TOF mass spectra were recorded on AB Sciex TOF/TOF 5800 series mass 

spectrometer using a 349 nm Nd:YAG laser with dithranol as the matrix. FTIR spectra 

were obtained on a Nicolet Nexus 670 FTIR spectrophotometer. The UV-Vis spectra 

were collected on an Agilent Cary 100 Series spectrophotometer in tetrahydrofuran 

(THF) at room temperature.  

Polymer Characterization Procedures and Data Analysis. The polyquinolines were 

analyzed with size exclusion chromatography (SEC). For the crude polymer, the SEC 

analysis was performed in THF using an Agilent Technologies 1260 Infinity Series 

separations module equipped with two ResiPore GPC columns (7.5 mm x 300 mm, 

multiple pore size, 3 µm) from Agilent Technologies (Santa Clara, CA). The separations 

module was connected to an Agilent 1260 infinity dual angle light scattering (DLS), 

refractive index (RI), and viscometer detectors in series. The flow rate was 1.0 mL/min 

with an injection volume of 50–100 µL and sample concentration of 1.0 mg/mL.  

The purified polymer was characterized by size exclusion chromatography via 

multi-angle light scattering (SEC-MALS). The SEC analysis was performed using an 
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Agilent Technologies 1260 Infinity Series separations module equipped with two GPC 

columns (7.8 mm x 300 mm, 104
 Å pore size, 5 µm & 7.8 mm x 300 mm, 100 Å pore 

size, 5 µm) from MZ Analysentechnik (Mainz, Germany). The separations module was 

connected to a DAWN HELEOS II MALS detector equipped with a 785 nm laser and 20 

nm bandpass interference filters to minimize fluorescence effects (Wyatt Technology 

Corp., Santa Barbara, CA). The concentration was measured by the Optilab TrEX 

differential refractive index detector at 785 nm (Wyatt Technology Corp., Santa Barbara, 

CA). The flow rate was 0.7 mL/min with an injection volume of 100 µL and sample 

concentration of 3.0 mg/mL. The above system was used to determine the molecular 

weight (Mw and Mn) and PDI values reported for the purified polymer. The molecular 

weight data was analyzed with the Astra 6.1.2 software suite by using a dn/dc of 0.27 

mL/g. For purified polyquinoline 4, corresponding to Figure 7.3, the analysis yielded 

values of Mn = 10.1 kg mol-1, Mw = 10.4 kg mol-1, and Mw/Mn = 1.04. 

7.5.2: Detailed Experimental Procedures 

N-Benzylidine-4-bromoaniline (1a). 4-Bromoaniline (0.51 g, 3.0 mmol), benzaldehyde 

(2.0 mmol, 0.21 g), 3 Å molecular sieves (2.0 g), and 20 mL of toluene were added to a 

75 mL pressure vessel equipped with a stir bar. The pressure vessel was sealed and 

brought to 130 °C in an oil bath. After 16 hours, the mixture was cooled to room 

temperature. The reaction mixture was then filtered through celite and solvent removed in 

vacuo. The mixture was purified by flash chromatography using deactivated silica gel, 

with pure hexanes as the mobile phase. After chromatography, the material was 

precipitated from pentane at –78 °C to yield the product as a white solid (0.48 g, 93%). 

1H NMR (600 MHz, CDCl3) δ 8.43 (s, 1H), 7.96 – 7.87 (m, 2H), 7.54 – 7.45 (m, 5H), 
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7.15 – 7.05 (m, 2H); 13C NMR (151 MHz, CDCl3) δ 160.8, 151.1, 136.1, 132.3, 131.8, 

129.0, 128.9, 122.7, 119.4; (1H NMR and 13C NMR spectroscopic data match those 

previously reported);2S HRMS (ESI) m/z calcd for C13H11BrN (M + H)+ 260.0075, found 

260.0070; IR (KBr Pellet) 3077, 3057, 3022, 3001, 2896, 1626, 1522 cm-1. 

N-p-Octylbenzylidine-4-bromoaniline (1b). 4-Bromoaniline (0.41 g, 2.4 mmol), 4-

octylbenzaldehyde (2.0 mmol, 0.44 g), 3 Å molecular sieves (3.0 g), and 20 mL of 

toluene were added to a 75 mL pressure vessel equipped with a stir bar. The pressure 

vessel was sealed and brought to 130 °C in an oil bath. After 16 hours, the mixture was 

cooled to room temperature. The reaction mixture was filtered through celite and solvent 

removed in vacuo. The mixture was purified by flash chromatography using deactivated 

silica gel, with pure hexanes as the mobile phase. After chromatography, the material was 

precipitated from pentane at –78 °C to yield the product as a white solid (0.54 g, 73%).
 

1H NMR (600 MHz, CDCl3) δ 8.39 (s, 1H), 7.80 (d, J = 7.6 Hz, 2H), 7.50 (d, J = 7.8 Hz, 

2H), 7.29 (d, J = 7.7 Hz, 2H), 7.08 (d, J = 7.8 Hz, 2H), 2.67 (t, J = 7.7 Hz, 2H), 1.71–

1.60 (m, 2H), 1.41 – 1.18 (m, 10H), 0.89 (t, J = 6.8 Hz, 3H); 13C NMR (151 MHz, 

CDCl3) δ 160.9, 151.4, 147.4, 133.7, 132.3, 129.08, 129.05, 122.7, 119.2, 36.2, 32.0, 

31.4, 29.6, 29.42, 29.39, 22.8, 14.3; HRMS (ESI) m/z calcd for C21H27BrN (M + H)+ 

372.1327, found 372.1331; IR (KBr Pellet) 2965, 2947, 2927, 2917, 2880, 2856, 1631, 

1607 cm-1. 

6-Bromo-2,4-diphenylquinoline (2a). N-Benzylidine-4-bromoaniline (1a, 0.26 g, 1.0 

mmol), phenylacetylene (0.16 mL, 0.15 g, 1.5 mmol), chloranil (0.27 g, 1.1 mmol), and 

toluene (14 mL) were added to a 75 mL pressure vessel equipped with a stir bar under 

argon. BF3·OEt2 (0.14 mL, 0.16 g, 1.1 mmol) was added to the mixture and the pressure 
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vessel was sealed and brought to 110 °C in an oil bath. After 24 hours, the mixture was 

cooled and diluted with CH2Cl2 (50 mL) the reagents were then quenched with saturated 

NaHCO3
 (aq., 50 mL) and the organics were then washed with saturated NaHCO3

 (aq., 3 

x 50 mL). The organics were poured through a cotton plug and the solvent removed in 

vacuo. The solids were triturated with hexanes and purified by flash chromatography 

(0/10 CH2Cl2/hexanes to 7/3 CH2Cl2/hexanes) to afford the product as a white solid (0.27 

g, 75% yield). 1H NMR (600 MHz, CDCl3) δ 8.19 (d, J = 7.9 Hz, 2H), 8.11 (br d, J = 8.9 

Hz, 1H), 8.04 (br s, 1H), 7.80 (s, 1H), 7.80 (d, J = 8.9 Hz, 1H), 7.61 – 7.46 (m, 8H); (1H 

NMR spectroscopic data match those previously reported);3S 13C NMR (151 MHz, 

CDCl3) δ 157.3, 148.5, 147.6, 139.3, 137.9, 133.1, 132.0, 129.8, 129.6, 129.04, 128.97, 

128.86, 127.9, 127.7, 127.1, 120.6, 120.2; HRMS (ESI) m/z calcd for C21H27BrN (M + 

H)+ 360.0388, found 360.0377; IR (KBr) 3057, 3030, 2920, 2850, 1589 cm-1. 

6-Bromo-2-p-octylphenyl-4-phenylquinoline (2b). N-p-Octylbenzylidine-4-

bromoaniline (1b, 0.25 g, 0.67 mmol), phenylacetylene (0.11 ml, 0.10 g, 1.01 mmol), 

chloranil (0.18 g, 0.74 mmol), and toluene (15 ml) were added to a 75 mL pressure vessel 

equipped with a stir bar under argon. BF3·OEt2 (0.10 ml, 0.12 g, 0.8 mmol) was added to 

the mixture, and the pressure vessel was sealed before being brought to 150 °C in an oil 

bath. After 24 hours, the mixture was cooled and diluted with CH2Cl2 (50 ml), and the 

reagents were then quenched with saturated NaHCO3
 (aq., 50 ml). The organics were 

then washed with saturated NaHCO3
 (aq., 4 x 50 ml). The organics were in turn poured 

through a cotton plug and the solvent removed in vacuo. The solids were purified by flash 

chromatography (0/10 ethyl acetate/hexanes to 3/7 ethyl acetate/hexanes) to afford the 

product as a white solid (0.28 g, 89% yield). 1H NMR (600 MHz, CDCl3) δ 8.15 – 8.06 
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(m, 3H), 8.03 (s, 1H), 7.82 (s, 1H), 7.79 (d, J = 8.9 Hz, 1H), 7.61 – 7.50 (m, 5H), 7.34 (d, 

J = 7.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H), 1.72 – 1.61 (m, 2H), 1.40 – 1.23 (m, 10H), 0.89 

(t, J = 6.6 Hz, 3H); 13C NMR (151 MHz, CD2Cl2) δ 157.5, 148.8, 148.0, 145.6, 138.4, 

137.0, 133.4, 132.3, 130.1, 129.5, 129.3, 129.2, 128.4, 127.9, 127.5, 120.6, 120.3, 36.3, 

32.5, 32.0, 30.1, 29.92, 29.86, 23.3, 14.5; HRMS (ESI) m/z calcd for C29H31BrN (M + 

H)+ 472.1640, found 472.1625; IR (KBr) 3060, 3028, 2953, 2924, 2853, 1588 cm-1; UV 

(THF) λmax nm (ε): 348 (9440), 335 (10200), 275 (39000), 233 (26000). 

N-p-Octylbenzylidine-4-ethynylaniline (3). 4-Ethynylaniline (0.75 g, 6.4 mmol), 4-

octylbenzaldehyde (1.7 g, 7.6 mmol), 3 Å molecular sieves (3.0 g), and 60 mL of toluene 

were added to a 100 mL pressure vessel equipped with a stir bar under argon. The 

pressure vessel was sealed and brought to 130 °C in an oil bath. After 16 hours, the 

mixture was cooled to room temperature. The reaction mixture was then filtered through 

celite and solvent removed in vacuo. The mixture was purified by flash chromatography 

using deactivated silica gel with pure hexanes as the mobile phase. After 

chromatography, the material was precipitated from pentane at –78 °C to yield the 

product as a pale yellow solid (0.86 g, 43%). 1H NMR (600 MHz, CDCl3) δ 8.40 (s, 1H), 

7.81 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 

8.4 Hz, 2H), 3.10 (s, 1H), 2.67 (t, J = 7.6 Hz, 2H), 1.81 – 1.51 (m, 2H), 1.40–1.20 (m, 

10H), 0.89 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 161.0, 152.8, 147.5, 133.8, 

133.2, 129.10, 129.08, 121.1, 119.4, 83.8, 36.2, 32.0, 31.4, 29.6, 29.43, 29.40, 22.8, 14.3; 

HRMS (ESI) m/z calcd for C23H28N (M + H)+ 318.2222, found 318.2230; IR (KBr) 3299, 

2955, 2925, 2854, 2107, 1738, 1627, 1593 cm-1; UV (THF) λmax nm (ε): 327 (19400), 277 

(13900). 
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Poly[(2-p-octylphenyl)quinoline-4,6-diyl] (4). N-p-Octylbenzylidine-4-ethynylaniline 

(3, 0.50 g, 1.6 mmol), chloranil (0.43 g, 1.7 mmol), and toluene (22 mL) were added to a 

75 mL pressure vessel equipped with a stir bar under argon. BF3·OEt2 (0.38 mL, 0.25 g, 

1.7 mmol) was added to the mixture and the pressure vessel was sealed and brought to 

100 °C in an oil bath. After 24 hours, the mixture was cooled and diluted with CH2Cl2 

(100 mL) the reagents were then quenched with saturated NaHCO3
 (aq., 100 mL) and the 

organics were then washed with saturated NaHCO3
 (aq., 3 x 100 mL). The organics were 

poured through a cotton plug and the solvent removed in vacuo. The solids were 

dissolved in 50 mL of toluene and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (0.718 g, 

2.14 mmol) was added to the mixture. After 24 hours of stirring at room temperature, the 

mixture was and diluted with CH2Cl2 (100 mL), and the reagents were then quenched 

with saturated NaHCO3
 (aq., 100 mL). The organics were then washed with saturated 

NaHCO3
 (aq., 3 x 100 mL). The organics were in turn poured through a cotton plug and 

the solvent removed in vacuo. The mixture was taken up in a minimum amount of CHCl3 

and purified by a size exclusion chromatography (Bio-Bead SX-1 resin with CHCl3 as the 

mobile phase) and precipitation from ethanol to yield the product as an ochre colored 

powder (0.17 g, 34% yield). 1H NMR (600 MHz, CD2Cl2) δ 9.17–5.76 (m, broad, 8H), 

3.11–0.22 (m, broad, 18H); IR (KBr) 3319, 2926, 2854, 2216, 1616, 1585 cm-1; UV 

(THF) λmax nm (ε): 333 (26400, sh), 275 (38900). 

7.5.3: X-Ray Data Collection, Structure Solution, and Refinement 

General Experimental Procedures. A crystal of compound 2a was prepared by slow 

evaporation of solvent from a solution of 2a in an open vial on the benchtop. A colorless 

crystal with dimensions of approximately 0.172 x 0.222 x 0.384 mm was mounted on a 
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glass fiber and transferred to a Bruker SMART APEX II diffractometer. The APEX24S 

program package was used to determine the unit-cell parameters and for data collection 

(15 sec/frame scan time for a sphere of diffraction data). The raw frame data was 

processed using SAINT5S and SADABS6S to yield the reflection data file. Subsequent 

calculations were carried out using the SHELXTL7S program. The diffraction symmetry 

was mmm and the systematic absences were consistent with the orthorhombic space 

groups Pbcm and Pca21. It was later determined that the noncentrosymmetric space 

group Pca21 was correct. 

 The structure was solved by direct methods and refined on F2 by full-matrix least-

squares techniques. The analytical scattering factors8S for neutral atoms were used 

throughout the analysis. Hydrogen atoms were included using a riding model. At 

convergence, wR2 = 0.0463 and Goof = 1.038 for 250 variables were refined against 

3947 data (0.73 Å); R1 = 0.0177 for those 3857 data, with I > 2.0σ(I). The absolute 

structure was assigned by refinement of the Flack parameter.9S 

Definitions for the Crystallographic Analysis. 

 wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2 

 R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

 Goof = S = [Σ[w(Fo
2-Fc

2)2] / (n-p)]1/2 where n is the number of reflections and p is the 

total 

 number of parameters refined. 

 

Identification code  (2a) (David Josh Dibble) 
Empirical formula  C21 H14 Br N 
Formula weight  360.24 
Temperature  88(2) K 
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Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pca21 
Unit cell dimensions    a = 7.6677(10) Å α = 90°. 
      b = 10.2755(13) Å β = 90°. 
      c = 19.816(3) Å γ = 90°. 
Volume 1561.3(3) Å3 
Z 4 
Density (calculated) 1.533 Mg/m3 
Absorption coefficient 2.631 mm-1 
F(000) 728 
Crystal color colorless 
Crystal size 0.384 x 0.222 x 0.172 mm3 
Theta range for data collection 1.982 to 29.030° 
Index ranges -10 ≤ h ≤ 10, -13 ≤ k ≤ 13, -26 ≤ l ≤ 26 
Reflections collected 17905 
Independent reflections 3947 [R(int) = 0.0194] 
Completeness to theta = 25.500° 100.0 %  
Absorption correction Numerical 
Max. and min. transmission 0.7087 and 0.4786 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3947 / 1 / 250 
Goodness-of-fit on F2 1.038 
Final R indices [I>2sigma(I) = 3857 data] R1 = 0.0177, wR2 = 0.0460 
R indices (all data, 0.73Å) R1 = 0.0183, wR2 = 0.0463 
Absolute structure parameter 0.0847(19) 
Largest diff. peak and hole 0.293 and -0.199 e.Å-3 

Table S7.1: Crystal data and structure refinement for 2a. 

 
 x y z U(eq) 
Br(1) 7791(1) 698(1) -4(1) 22(1) 
N(1) 10523(2) 5033(2) 1758(1) 14(1) 
C(1) 10052(3) 4095(2) 1304(1) 13(1) 
C(2) 10206(3) 2778(2) 1513(1) 16(1) 
C(3) 9597(3) 1783(2) 1117(1) 17(1) 
C(4) 8791(3) 2086(2) 497(1) 15(1) 
C(5) 8691(2) 3330(2) 254(1) 14(1) 
C(6) 9362(3) 4371(2) 649(1) 12(1) 
C(7) 9324(3) 5709(2) 446(1) 12(1) 
C(8) 9785(2) 6628(2) 914(1) 13(1) 
C(9) 10326(2) 6264(2) 1575(1) 12(1) 
C(10) 10713(3) 7274(2) 2089(1) 13(1) 
C(11) 11838(3) 7004(2) 2627(1) 16(1) 
C(12) 12152(3) 7926(2) 3124(1) 18(1) 
C(13) 11360(3) 9148(2) 3085(1) 19(1) 
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C(14) 10256(3) 9435(2) 2550(1) 18(1) 
C(15) 9928(3) 8503(2) 2056(1) 16(1) 
C(16) 8831(2) 6126(2) -248(1) 12(1) 
C(17) 7712(2) 7194(2) -324(1) 14(1) 
C(18) 7218(3) 7621(2) -961(1) 17(1) 
C(19) 7853(3) 6998(2) -1534(1) 19(1) 
C(20) 9001(3) 5957(2) -1467(1) 17(1) 
C(21) 9485(3) 5518(2) -828(1) 14(1) 

Table S7.2: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2 x 103) for 

2a. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
Bond Length/Angle 
Br(1)-C(4)  1.899(2) 
N(1)-C(9)  1.325(3) 
N(1)-C(1)  1.367(3) 
C(1)-C(2)  1.421(3) 
C(1)-C(6)  1.429(3) 
C(2)-C(3)  1.371(3) 
C(3)-C(4)  1.409(3) 
C(4)-C(5)  1.368(3) 
C(5)-C(6)  1.421(3) 
C(6)-C(7)  1.434(3) 
C(7)-C(8)  1.371(3) 
C(7)-C(16)  1.488(3) 
C(8)-C(9)  1.422(3) 
C(9)-C(10)  1.485(3) 
C(10)-C(11)  1.399(3) 
C(10)-C(15)  1.401(3) 
C(11)-C(12)  1.388(3) 
C(12)-C(13)  1.396(3) 
C(13)-C(14)  1.388(3) 
C(14)-C(15)  1.393(3) 
C(16)-C(21)  1.400(3) 
C(16)-C(17)  1.401(3) 
C(17)-C(18)  1.390(3) 
C(18)-C(19)  1.392(3) 
C(19)-C(20)  1.392(3) 
C(20)-C(21)  1.394(3) 
C(9)-N(1)-C(1) 117.52(17) 
N(1)-C(1)-C(2) 117.23(18) 
N(1)-C(1)-C(6) 123.75(17) 
C(2)-C(1)-C(6) 118.97(18) 
C(3)-C(2)-C(1) 120.99(19) 
C(2)-C(3)-C(4) 118.92(19) 
C(5)-C(4)-C(3) 122.51(19) 
C(5)-C(4)-Br(1) 119.70(16) 
C(3)-C(4)-Br(1) 117.79(15) 
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C(4)-C(5)-C(6) 119.31(19) 
C(5)-C(6)-C(1) 118.96(17) 
C(5)-C(6)-C(7) 124.03(18) 
C(1)-C(6)-C(7) 116.94(17) 
C(8)-C(7)-C(6) 117.68(19) 
C(8)-C(7)-C(16) 119.57(17) 
C(6)-C(7)-C(16) 122.74(18) 
C(7)-C(8)-C(9) 121.17(18) 
N(1)-C(9)-C(8) 122.46(18) 
N(1)-C(9)-C(10) 117.14(17) 
C(8)-C(9)-C(10) 120.40(18) 
C(11)-C(10)-C(15) 118.62(19) 
C(11)-C(10)-C(9) 120.55(18) 
C(15)-C(10)-C(9) 120.82(18) 
C(12)-C(11)-C(10) 120.8(2) 
C(11)-C(12)-C(13) 119.9(2) 
C(14)-C(13)-C(12) 120.0(2) 
C(13)-C(14)-C(15) 120.0(2) 
C(14)-C(15)-C(10) 120.6(2) 
C(21)-C(16)-C(17) 118.69(19) 
C(21)-C(16)-C(7) 122.59(18) 
C(17)-C(16)-C(7) 118.69(17) 
C(18)-C(17)-C(16) 120.8(2) 
C(17)-C(18)-C(19) 120.0(2) 
C(20)-C(19)-C(18) 119.8(2) 
C(19)-C(20)-C(21) 120.3(2) 
C(20)-C(21)-C(16) 120.39(19) 

Table S7.3:  Bond lengths [Å] and angles [°] for 2a. 

 
 U11 U22  U33 U23 U13 U12 
Br(1) 33(1)  13(1) 21(1)  -2(1) 0(1)  -6(1) 
N(1) 16(1)  13(1) 13(1)  1(1) 1(1)  0(1) 
C(1) 13(1)  13(1) 13(1)  0(1) 2(1)  0(1) 
C(2) 21(1)  13(1) 13(1)  3(1) 2(1)  2(1) 
C(3) 22(1)  12(1) 18(1)  2(1) 4(1)  1(1) 
C(4) 16(1)  12(1) 16(1)  -3(1) 4(1)  -2(1) 
C(5) 12(1)  14(1) 14(1)  -1(1) 3(1)  0(1) 
C(6) 11(1)  11(1) 12(1)  0(1) 3(1)  1(1) 
C(7) 11(1)  12(1) 12(1)  2(1) 1(1)  2(1) 
C(8) 14(1)  11(1) 13(1)  2(1) 2(1)  0(1) 
C(9) 12(1)  13(1) 12(1)  0(1) 2(1)  0(1) 
C(10) 15(1)  14(1) 10(1)  1(1) 3(1)  -3(1) 
C(11) 17(1)  16(1) 14(1)  1(1) 1(1)  -1(1) 
C(12) 19(1)  22(1) 14(1)  1(1) 0(1)  -4(1) 
C(13) 22(1)  18(1) 16(1)  -3(1) 4(1)  -6(1) 
C(14) 21(1)  13(1) 19(1)  -2(1) 4(1)  -1(1) 
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C(15) 17(1)  16(1) 15(1)  1(1) 2(1)  -1(1) 
C(16) 12(1)  11(1) 12(1)  1(1) 0(1)  -3(1) 
C(17) 14(1)  12(1) 15(1)  -1(1) 0(1)  -2(1) 
C(18) 16(1)  14(1) 22(1)  4(1) -3(1)  -1(1) 
C(19) 21(1)  22(1) 14(1)  5(1) -5(1)  -6(1) 
C(20) 21(1)  18(1) 13(1)  -1(1) 1(1)  -5(1) 
C(21) 15(1)  12(1) 16(1)  -1(1) 1(1)  0(1) 
Table S7.4:  Anisotropic displacement parameters (Å2 x 103) for 2a. The anisotropic displacement factor 
exponent takes the form: -2π2[ h2 a*2U11+ ... + 2 h k a* b* U12]. 
 

 x  y  z  U(eq) 
H(2A) 10780(40) 2620(30) 1940(14) 19 
H(3A) 9660(40) 950(30) 1269(15) 21 
H(5A) 8130(30) 3500(30) -179(14) 16 
H(8A) 9790(30) 7460(30) 793(13) 15 
H(11A) 12360(40) 6190(30) 2636(15) 19 
H(12A) 12920(30) 7710(30) 3484(16) 22 
H(13A) 11540(40) 9710(30) 3436(15) 22 
H(14A) 9730(40) 10290(30) 2527(18) 21 
H(15A) 9130(40) 8730(30) 1704(13) 19 
H(17A) 7230(30) 7610(20) 69(19) 16 
H(18A) 6420(40) 8280(30) -983(14) 21 
H(19A) 7500(40) 7290(30) -1977(16) 23 
H(20A) 9420(40) 5530(30) -1853(15) 21 
H(21A) 10200(40) 4810(30) -786(14) 17 
Table S7.5:  Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2 x 103) 
for 2a. 

 
Bond Type Torsion Angle      
C(9)-N(1)-C(1)-C(2) -177.73(18) 
C(9)-N(1)-C(1)-C(6) -0.2(3) 
N(1)-C(1)-C(2)-C(3) 173.24(19) 
C(6)-C(1)-C(2)-C(3) -4.4(3) 
C(1)-C(2)-C(3)-C(4) -0.7(3) 
C(2)-C(3)-C(4)-C(5) 4.3(3) 
C(2)-C(3)-C(4)-Br(1) -174.92(16) 
C(3)-C(4)-C(5)-C(6) -2.5(3) 
Br(1)-C(4)-C(5)-C(6) 176.71(14) 
C(4)-C(5)-C(6)-C(1) -2.8(3) 
C(4)-C(5)-C(6)-C(7) -179.91(19) 
N(1)-C(1)-C(6)-C(5) -171.37(18) 
C(2)-C(1)-C(6)-C(5) 6.1(3) 
N(1)-C(1)-C(6)-C(7) 6.0(3) 
C(2)-C(1)-C(6)-C(7) -176.51(19) 
C(5)-C(6)-C(7)-C(8) 170.83(18) 
C(1)-C(6)-C(7)-C(8) -6.4(3) 
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C(5)-C(6)-C(7)-C(16) -9.9(3) 
C(1)-C(6)-C(7)-C(16) 172.91(17) 
C(6)-C(7)-C(8)-C(9) 1.6(3) 
C(16)-C(7)-C(8)-C(9) -177.68(17) 
C(1)-N(1)-C(9)-C(8) -5.1(3) 
C(1)-N(1)-C(9)-C(10) 175.49(17) 
C(7)-C(8)-C(9)-N(1) 4.5(3) 
C(7)-C(8)-C(9)-C(10) -176.14(18) 
N(1)-C(9)-C(10)-C(11) 24.0(3) 
C(8)-C(9)-C(10)-C(11) -155.42(19) 
N(1)-C(9)-C(10)-C(15) -154.40(18) 
C(8)-C(9)-C(10)-C(15) 26.2(3) 
C(15)-C(10)-C(11)-C(12) 0.9(3) 
C(9)-C(10)-C(11)-C(12) -177.45(18) 
C(10)-C(11)-C(12)-C(13) -0.9(3) 
C(11)-C(12)-C(13)-C(14) 0.2(3) 
C(12)-C(13)-C(14)-C(15) 0.6(3) 
C(13)-C(14)-C(15)-C(10) -0.5(3) 
C(11)-C(10)-C(15)-C(14) -0.2(3) 
C(9)-C(10)-C(15)-C(14) 178.17(19) 
C(8)-C(7)-C(16)-C(21) 133.5(2) 
C(6)-C(7)-C(16)-C(21) -45.7(3) 
C(8)-C(7)-C(16)-C(17) -44.3(3) 
C(6)-C(7)-C(16)-C(17) 136.41(19) 
C(21)-C(16)-C(17)-C(18) 1.9(3) 
C(7)-C(16)-C(17)-C(18) 179.83(18) 
C(16)-C(17)-C(18)-C(19) -0.9(3) 
C(17)-C(18)-C(19)-C(20) -0.8(3) 
C(18)-C(19)-C(20)-C(21) 1.4(3) 
C(19)-C(20)-C(21)-C(16) -0.4(3) 
C(17)-C(16)-C(21)-C(20) -1.2(3) 
C(7)-C(16)-C(21)-C(20) -179.10(19) 

Table S7.6: Torsion angles [°] for 2a. 
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CHAPTER 8 Synthesis of Polybenzoquinolines as Precursors for 

Nitrogen-Doped Graphene Nanoribbons 

 

8.1: Abstract 

Graphene nanoribbons (GNRs) represent promising materials for the next 

generation of nanoscale electronics. However, despite substantial progress towards the 

bottom-up synthesis of chemically and structurally well-defined all-carbon GNRs, 

strategies for the preparation of their nitrogen-doped analogues remain at a nascent stage. 

This scarce literature precedent is quite surprising given the established utility of 

substitutional doping for tuning the properties of electronic materials. Herein, we report 

the synthesis of a previously unknown class of polybenzoquinoline-type materials, which 

hold potential as GNR precursors. Notably, our scalable and facile approach employs few 

synthetic steps, inexpensive commercial starting materials, and straightforward reaction 

conditions. Given the importance of quinoline derivatives for a variety of applications, 

the reported findings may hold implications across a diverse range of chemical and 

physical disciplines. 

8.2: Introduction 

Graphene nanoribbons (GNRs), which are narrow strips of graphene that feature a 

quantum confinement-induced bandgap, constitute a promising class of materials for the 

next generation of semiconductor devices.1-10] The electronic properties of GNRs are 

exquisitely sensitive to their width, heteroatom content, and edge character.3-5] Thus, 

much research effort has been devoted to the preparation of GNRs that are structurally 

and chemically defined at the atomic level.6-10] Although traditional top-down 
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lithographic approaches have exhibited only limited success in this regard,6-10] more 

recent studies have demonstrated the bottom-up preparation of pristine GNRs via the 

surface-assisted11-22] or solution-phase23-32] synthesis of nanoribbon precursor polymers, 

followed by their cyclodehydrogenation. To date, these bottom-up strategies have 

primarily focused on all-carbon systems, with only a limited number of studies describing 

the preparation of nitrogen-containing GNR frameworks.20-22,31,32] Given the immense 

potential of substitutional nitrogen doping for tailoring the properties of GNRs, this 

sparse literature precedent is surprising and likely arises from the substantial challenges 

associated with the incorporation of heteroatoms at arbitrary locations in graphitic 

materials.33,34] 

Herein, we describe the modular synthesis of polybenzoquinolines, which 

constitute the generic GNR precursor polymer shown in Figure 8.1 and, to the best of our 

knowledge, have never been previously reported. We first develop general aza-Diels-

Alder reaction conditions for the synthesis of a series of benzoquinoline model 

compounds. Subsequently, we prepare an AB-type bifunctional monomer and use the 

conditions validated for the model compounds to synthesize a congested but soluble 

polybenzoquinoline via a Diels-Alder-type polymerization reaction.35-37] We in turn 

demonstrate our methodology’s scope and modularity by preparing polybenzoquinolines 

of various sizes that feature different peripheral substituents. Overall, our findings enable 

facile and rapid access to a previously unknown family of benzoquinoline-based 

materials, which may prove valuable for a wide range of applications. 
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8.3: Results and Discussion 

 

Figure 8.1: Illustration of a synthetic strategy for the preparation of a nitrogen-doped N=7 armchair 
graphene nanoribbon. The desired steps consist of the Diels-Alder-type polymerization of bifunctional 
monomers to furnish the polybenzoquinoline graphene nanoribbon precursors, which can in turn be 
cyclodehydrogenated into the target nitrogen-doped graphene nanoribbon. 

As our synthetic target, we selected the nitrogen-doped N=7 armchair GNR 

(Figure 8.1, left). We envisioned preparing this target via surface-assisted 

cyclodehydrogenation of a polymeric precursor, as demonstrated by Müllen, Fasel, and 

co-workers for the conversion of polyanthracenes into analogous unsubstituted, all-

carbon, GNRs.11-13] Here, to enable the formation of a well-defined nitrogen-doped GNR, 

we designed an alternative unreported precursor consisting of benzoquinoline subunits 

linked at their 4 and 6 positions (Figure 8.1, middle). We in turn drew inspiration from 

the synthesis of quinoline heterocycles via the aza-Diels-Alder (Povarov) reaction38-44] 

and pictured construction of the benzoquinoline subunits from alkyne- and aldimine-

modified monomers (Figure 8.1, right). Consequently, we postulated that polymerization 

of the bifunctional monomers would furnish the desired polybenzoquinoline precursor 

(Figure 8.1, middle), which could ultimately be cyclodehydrogenated into a nitrogen-

doped N=7 armchair GNR (Figure 8.1, left). 
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Scheme 8.1: (A) Synthesis of benzoquinoline model compounds 3a, 3b, 5a, and 5b. (B) Synthesis of 
benzoquinoline model compound 8. 

We began our studies by synthesizing benzoquinoline model compounds 3a,b and 

5a,b via the Povarov reaction,38-44] as illustrated in Scheme 8.1a. To prepare model 

compounds 3a and 3b, we first formed Schiff bases 1a and 1b via a known literature 

protocol.45] We then reacted naphthyl alkyne 2 with 1a or 1b in the presence of BF3·OEt2 

as the Lewis acid mediator and chloranil as the sacrificial oxidant,46-50] producing 

benzoquinolines 3a or 3b, respectively. Next, to prepare model compounds 5a and 5b, 

we converted the pendant bromides of compounds 3a and 3b to alkynes, forming 4a and 

4b, respectively. We then reacted 4a with Schiff base 1a and 4b with Schiff base 1b, 

A 

B 
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producing benzoquinolines 5a and 5b. This linear synthetic strategy furnished the desired 

regioisomerically pure products in moderate yields. 

 

Figure 8.2: (A) The X-ray crystal structure of benzoquinoline 3a and the corresponding chemical structure. 
(B) The X-ray crystal structure of benzoquinoline 5a and the corresponding chemical structure. For the 
crystal structures, the carbon, nitrogen, oxygen, and bromine atoms are indicated in gray, blue, red, and 
purple, respectively. Solvent molecules are removed for clarity. 

We in turn sought to elongate our benzoquinoline chain by preparing model 

compound 8, which contained five subunits (Scheme 8.1B). Therefore, to construct 8, we 

used 5b as the sole starting material to generate complementary building blocks 6 and 7. 

To synthesize 6, we converted the pendant bromide of 5b to an alkyne, and to synthesize 

7, we converted the acetyl-protected amine of 5b to an aldimine. We subsequently 

combined 6 and 7 under our standard Povarov conditions, furnishing compound 8. This 

strategy avoided an arduous linear synthesis to produce a benzoquinoline macromolecule.  

We characterized all of our benzoquinoline model compounds (3a, 3b, 5a, 5b, 

and 8) with 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, mass 

spectrometry (MS), and X-ray crystallography (See Supporting Information for details). 

In particular, we grew crystals of 3a and 5a and determined their solid-state structures 

through standard X-ray crystallography techniques (Figure 8.2). Although the resolution 

for 5a was poor, both crystal structures confirmed that our reaction conditions produced 

only the desired regioisomers and connectivity. The crystal structures also revealed that 

A B 
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the naphthyl subunits of both 3a and 5a were almost completely orthogonal with respect 

to their neighboring benzoquinoline subunits (Figure 8.2A,B) and that the constituent 

benzoquinoline subunits of 5a were twisted out of planarity with respect to one another in 

the solid state (Figure 8.2B). Altogether, these experiments definitively confirmed the 

identity of our model compounds. 

 

Scheme 8.2: (A) Synthesis of monomers 10a-10c and polybenzoquinolines 11a-11c. (B) Synthesis of 
monomer 12 and polybenzoquinoline 13. 

With our model benzoquinolines in hand, we proceeded to further elongate our 

benzoquinoline chain. Thus, we prepared polybenzoquinoline 11a through 

polymerization of AB-type bifunctional monomers via the Povarov reaction. We 

therefore produced monomer 10a from 4-iodonaphthylamine 9 in only three steps 

B 

A 
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(Scheme 8.2A). The design of this monomer incorporated the requisite alkyne and 

aldimine functional groups within a single substrate, as well as an alkyl chain for 

enhanced solubility. We subsequently used the reaction conditions optimized for the 

synthesis of 3b, 5b, and 8 (Scheme 8.1) to polymerize 10a (Scheme 8.2A). We analyzed 

the resulting reaction mixture via size exclusion chromatography with a refractive index 

detector (SEC-RI), and through calibration with a standard, we obtained an Mn of 2730 g 

mol-1, an Mw of 5420 g mol-1, and a PDI of 1.98 for crude 11a (See Supporting 

Information for details and Supporting Information Figure S8.1). This crude product’s 

polydispersity was consistent with a step-growth polymerization mechanism, as expected 

for a Diels-Alder-type reaction.35-37] 

We subsequently purified and characterized polybenzoquinoline 11a. We first 

terminated the reaction by addition of phenylacetylene and purified the resulting material 

through sequential precipitation/chromatography (See Supporting Information for 

details). We then analyzed 11a via SEC-RI with respect to calibration standards (See 

Supporting Information for details). Our measurement yielded an Mn of 7840 g mol-1, an 

Mw of 10500 g mol-1, and a PDI of 1.34, corresponding to 21 benzoquinoline subunits for 

purified 11a (Figure 8.3 and Table 8.1). For comparison, the same measurement for 

monodisperse benzoquinoline model compound 8 yielded an Mn of 2110 g mol-1, an Mw 

of 2120 g mol-1, and a PDI of 1.01, reinforcing the accuracy of our analysis (Figure 8.3 

and Table 8.1). Notably, despite its aromatic character and crowded architecture, 11a was 

readily soluble in most common organic solvents, presumably due to a partially contorted 

geometry, as observed for our model compounds. Our observations were consistent with 

the preparation of an extended polybenzoquinoline.  
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Figure 8.3: Size exclusion chromatography-refractive index chromatograms obtained for 
polybenzoquinolines 11a (solid blue line), 11b (solid purple line), 11c (solid brown line), and 13 (solid 
gray line), as well as for benzoquinoline model compound 8 (dashed red line). 

We next further characterized 3b, 5b, 8, and 11a with ultraviolet-visible (UV-Vis) 

spectroscopy (Figure 8.4). The spectra obtained for 3b, 5b, and 8 showed characteristic 

absorbance peaks with maxima at nearly identical positions of 297 nm, 314 nm, 352 nm, 

and 370 nm. By comparison, the spectrum obtained for 11a featured broadened 

absorption maxima at similar positions and a onset of absorption that was red-shifted 

from ~380 nm to ~450 nm. Together, these measurements corroborated the formation of 

an extended polybenzoquinoline system for 11a. 

	
Compound Mn 

(g mol-1) 
Mw 
(g mol-1) 

PDI n[b] 

8 2110[a] 2120[a] 1.01 5 

11a 7840 10500 1.34 21 

11b 15500 22300 1.44 25 
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11c 8960 10900 1.22 22 

13 29600 36200 1.22 60 

Table 8.1: The tabulated Mn, Mw, and PDI values for 8, 11a, 11b, 11c, and 13, as calculated from the 
chromatograms in Figure 8.3. Note the excellent agreement between the calculated and actual molecular 
weights of 8, as confirmed by mass spectrometry. [a] The actual molecular weight is 2093 g mol-1. [b] 
Number of benzoquinoline subunits estimated from Mn. 

Furthermore, we sought to demonstrate that our polymerization strategy was 

modular and capable of accommodating different peripheral substituents. Thus, we 

leveraged the reaction conditions already validated for the synthesis of 10a to prepare 

monomers 10b and 10c, which incorporated branched alkyl chain and fluorine 

substituents, respectively (Scheme 8.2A). We then used conditions similar to those 

developed for the synthesis of 3b, 5b, 8 and 11a to furnish polybenzoquinolines 11b and 

11c from monomers 10b and 10c, respectively (Scheme 8.2A). Our standard purification 

and analysis procedures yielded the data shown in Figure 8.3 and Table 8.1 for 11b and 

11c, confirming the success of our polymerization reactions. The preparation of distinct 

polybenzoquinolines under similar reaction conditions underscored the potential general 

scope of our approach. 

Finally, we applied our polymerization strategy to the preparation of an even 

longer, sequence-variable polybenzoquinoline chain. We slightly modified the procedure 

required for the preparation of 10a-10c to convert 3b into bifunctional monomer 12 in 

four steps (Scheme 8.2B). The design of 12 incorporated the requisite alkyne and 

aldimine functional groups, an expanded aromatic core containing an additional 

benzoquinoline subunit, and alternating linear and branched alkyl side chains. 

Polymerization of 12 under our standard reaction conditions furnished 

polybenzoquinoline 13. Per our SEC-RI measurement, this polymer featured an Mn of 

29600 g mol-1, an Mw of 36200 g mol-1, and a PDI of 1.22, corresponding to 60 repeating 



179 

main chain benzoquinoline subunits (Figure 8.3 and Table 8.1). Moreover, despite its 

increased size relative to 11a-11c, 13 exhibited excellent solubility in common organic 

solvents. Overall, these findings demonstrated the potential modularity of our approach, 

portending favorably for the synthesis of polybenzoquinoline-type graphene nanoribbon 

precursors with tunable sequence contexts. 

 

Figure 8.4: The UV-Vis absorbance spectra obtained for benzoquinoline model compounds 3b (dashed 
black line), 5b (dashed green trace), and 8 (dashed red line), as well as polybenzoquinoline 11a (solid blue 
line). Note that the spectrum of the polybenzoquinoline is broadened and red shifted with respect to the 
model compounds. 

8.4: Conclusion 

In summary, we have developed a new methodology for the preparation of 

polybenzoquinolines, which is significant for several reasons. First, the aza-Diels-Alder 

(Povarov) reaction has been employed for the synthesis of benzoquinolines only in a 

limited number of previous instances.40-44] Indeed, to the best of our knowledge, the 

current study represents the first reported synthesis of polybenzoquinolines via the 

Povarov (or any other) reaction. Second, our scalable approach employs few synthetic 

steps, inexpensive precursor materials, and straighforward reaction conditions. These 
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advantageous features facilitate the preparation of crowded yet soluble polymers with 

variable peripheral substituents and sizes. Given the large number of commercially 

available benzaldehyde derivatives, our strategy may also provide access to a diverse 

family of benzoquinoline-based materials. Third, the reported polybenzoquinolines 

constitute a novel class of precursor polymers for N=7 armchair GNRs (Figure 8.1), 

which have been prepared exclusively from polyanthracenes to date.11-19] Given the 

propensity of anthracene derivatives to oxidation and undesirable photochemistry,51,52] 

our precursors may prove advantageous for the preparation of diverse libraries of GNRs 

with designer electronic properties. Finally, we note that our polybenzoquinolines could 

find a number of alternative applications: quinoline derivatives are privileged scaffolds in 

medicinal chemistry,53,54] ubiquitous ligands in inorganic chemistry,55,56] and promising 

materials for organic electronic devices.57-60] Consequently, our synthetic methodology 

may prove valuable across a broad swath of chemical and physical disciplines. 

8.5: Supporting Information 
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Figure S8.1: SEC-RI analysis of the crude and purified polybenzoquinoline 11a. The black trace 
corresponds to the polymer before purification, and the blue trace corresponds to the polymer after 
purification.  

8.5.1: General Information and Procedures 

Materials and General Experimental Procedures. All chemicals were purchased from 

Acros Organics, Sigma-Aldrich, or Combi-Blocks. All solvents were obtained from 

Fisher Scientific and used as received, unless otherwise noted. Toluene was dried with 3 

Å molecular sieves and stored under argon. Degassed solvents were prepared by using 

three freeze-pump- thaw cycles. The glassware was oven dried at 150°C overnight. All 

reactions were performed under dry argon, unless otherwise noted. 

Compound Purification Procedures. Flash chromatography was performed using a 

CombiFlash Rf 200 purification system (Teledyne Isco, Inc.) according to the 

manufacturer’s recommended protocols. When required, the silica gel columns/cartridges 

were flushed with 1/9 triethylamine/hexanes to deactivate the silica gel, followed by 

hexanes to remove excess triethylamine Preparatory size exclusion chromatography for 

oligobenzoquinoline 8 and the polybenzoquinolines was performed with chloroform as 

the mobile phase using a gravity fed column containing Sephadex LH-20 (GE Healthcare 

Life Sciences), BioBeads SX-1 resin (200– 400 mesh, Bio-Rad Laboratories, Hercules, 

CA), or Toyopearl HW-55S resin (Tosoh Bioscience, LLC.). Additional purification-

relevant information and protocols are noted below as required. 

Reaction Product Characterization Procedures. All intermediates and products were 

characterized with a combination of 1H and 13C nuclear magnetic resonance (NMR) 

spectroscopy, 1H-1H correlation spectroscopy (COSY), 1H nuclear Overhauser effect 
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(NOE) spectroscopy, mass spectrometry, and ultraviolet-visible (UV-vis) spectroscopy. 

The 1H NMR spectra were obtained on a Bruker AVANCE400, a Bruker DRX500, or an 

AVANCE600 instrument. The 13C NMR, 1H–1H COSY, and 1H NOE spectra were 

obtained on a Bruker DRX500 outfitted with a CryoProbe (Bruker TCI 500 MHz, 5 mm 

diameter tubes). Chemical shifts were reported in ppm for both 1H and 13C NMR. The 

chemical shifts for the NMR data were referenced as follows: 1) for samples in CDCl3, 

the 1H NMR was referenced to tetramethylsilane (TMS) at 0.00 or the solvent peak at 

7.26 ppm, and the 13C NMR was referenced to CDCl3 at 77.16 ppm; for samples in 

CD2Cl2, the 1H NMR was referenced to the solvent peak at 5.32 ppm, and the 13C NMR 

was referenced to the solvent peak at 54.00 ppm; and 2) for samples in DMSO-d6, the 1H 

NMR was referenced to the solvent peak at 3.33 ppm, and the 13C NMR was referenced 

to the solvent peak at 39.52 ppm. The data were labeled as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, 

br s = broad singlet), coupling constants in Hertz, and integration values. Accurate mass 

measurements via electrospray ionization (ESI) high resolution mass spectrometry 

(HRMS) were obtained at the University of California, Irvine Mass Spectrometry Facility 

on a Waters LCT Premier time-of-flight instrument. Accurate mass measurements via 

chemical ionization (CI) and electron ionization (EI) HRMS were obtained at the 

University of California, Irvine Mass Spectrometry Facility on a Waters GCT Premier 

time-of-flight instrument. MALDI-TOF mass spectra were recorded on an AB Sciex 

TOF/TOF 5800 series mass spectrometer using a 349 nm Nd:YAG laser and dithranol as 

the matrix. The UV-vis spectra were collected on an Agilent Cary 100 Series 

spectrophotometer at room temperature in tetrahydrofuran (THF). 
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Polymer Characterization and Analysis Procedures. The oligobenzoquinolines and 

polybenzoquinolines were analyzed via size exclusion chromatography with a refractive 

index detector (SEC-RI). The SEC-RI measurement was performed in THF using an 

Agilent Technologies 1260 Infinity Series separations module equipped with two Agilent 

ResiPore columns connected in series (7.5 mm x 300 mm, 3 �m particle size). The 

separations module was connected to Agilent 1260 infinity dual angle light scattering, 

refractive index, and viscosity detectors in series. The flow rate was ~ 1.0 mL/min with 

an injection volume of ~ 25 – 100 �L and sample concentration of ~ 1.0 – 2.5 mg/mL. 

Molecular weights (Mn and Mw) were estimated from a calibration curve using 

polystyrene standards (EasiVial PS-H, Agilent). The accuracy of this calibration curve 

was validated for benzoquinoline model compound 8 (actual molecular weight of 2093 g 

mol-1); the SEC-RI measurements indicated an Mn of 2110 g mol-1 and Mw of 2120 g 

mol-1 for 8. 

8.5.2: Detailed Experimental Procedures 

(E)-N-Benzylidene-4-bromo-1-naphthylamine (1a). 4-Bromonaphthylamine (2.0 g, 9.0 

mmol), benzaldehyde (1.05 g, 1.01 mL, 9.9 mmol), and p-toluenesulfonic acid (0.08 g, 

0.45 mmol) were dissolved in toluene (180 mL). Molecular sieves (3 Å, 1.0 g) were 

added to the reaction mixture, which was then brought to reflux. After 24 hours, the 

mixture was cooled and poured into a 200 mL saturated aqueous sodium bicarbonate 

solution. The mixture was extracted with ethyl acetate (150 mL x 2), and the organic 

layer was rinsed with brine (100 mL). The organics were dried with sodium sulfate, and 

the solvent was removed in vacuo. The resulting product was purified by flash 
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chromatography using silica gel deactivated with 10% triethylamine in hexanes (1/19 

ethyl acetate/hexanes). The product crystallized from cold pentane as a pale yellow solid 

(2.09 g, 75%): 1H NMR (500 MHz, CDCl3) �=8.53 (s, 1H), 8.39 (d, J = 8.2 Hz, 1H), 

8.25 (d, J = 8.2 Hz, 1H), 8.02 (dd, J = 7.6, 6.8 Hz, 2H), 7.76 (d, J = 8.2 Hz, 1H), 7.65 (dt, 

J = 7.1,1.1 Hz, 1H), 7.58 – 7.51 (m, 4H), 6.92 ppm (d, J = 7.9 Hz, 1H); 13C NMR (126 

MHz, CDCl3) �=160.8, 149.3, 136.3, 132.2, 131.9, 130.09, 130.07, 129.2, 129.0, 127.9, 

127.1, 126.6, 124.6, 119.9, 113.2 ppm; HRMS (EI) m/z calcd for C17H11BrN [M - H]+ 

308.0075, found 308.0078. 

(E)-4-Bromo-N-(4-octylbenzylidene)-1-naphthylamine (1b). 4-Bromonaphthylamine 

(1.11 g, 5.0 mmol), 4-octylbenzaldehyde (1.27 g, 1.35 mL, 5.8 mmol), and p-

toluenesulfonic acid (0.05 g, 0.3 mmol) were dissolved in ethanol (20 mL). Molecular 

sieves (3 Å, 3.1 g) were added to the reaction mixture, which was then brought to reflux. 

After 24 hours, the mixture was cooled and poured into a 50 mL saturated aqueous 

sodium bicarbonate solution. The mixture was extracted with ethyl acetate (50 mL), and 

the organic layer was rinsed with brine (50 mL). The organics were dried with sodium 

sulfate, and the solvent was removed in vacuo. The resulting 

S-5product was purified by flash chromatography using silica gel deactivated with 10% 

triethylamine in pentane (99/1 pentane/diethyl ether to 19/1 pentane/diethyl ether). The 

product crystallized upon standing and was washed with cold pentane to yield a pale 

yellow solid (1.65 g, 78%): 1H NMR (400 MHz, CDCl3) �=8.50 (s, 1H), 8.38 (d, J = 8.2 

Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.76 (d, J = 7.8 Hz, 1H), 7.69 

– 7.60 (m, 1H), 7.59 – 7.52 (m, 1H), 7.34 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 7.9 Hz, 1H), 
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2.70 (t, J = 7.6 Hz, 2H), 1.74 – 1.59 (m, 2H), 1.45 – 1.21 (m, 10H), 0.90 ppm (t, J = 6.7 

Hz, 3H); 13C NMR (101 MHz, CDCl3) �=160.8, 149.6, 147.5, 134.0, 132.3, 130.2, 

130.1, 129.2, 129.1, 127.9, 127.1, 126.5, 124.7, 119.6, 113.2, 36.2, 32.0, 31.5, 29.6, 29.5, 

29.4, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for C25H28BrN [M + H]+ 422.1483, found 

422.1477. 

3. N-(4-((Trimethylsilyl)ethynyl)naphthalen-1-yl)acetamide (SI-1). 4-Bromo-1- 

acetamidonaphthalene (2.5 g, 9.5 mmol), Pd(PPh3)2Cl2 (1.3 g, 1.9 mmol), CuI (0.4 g, 1.9 

mmol), and 2-dicyclohexylphosphino-2� ,4� ,6� -triisopropylbiphenyl (0.9 g, 1.9 

mmol) were dissolved in a degassed mixture of diisopropyl amine (20 mL) and toluene 

(50 ml) under argon. Trimethylsilylacetylene (4.7 g, 6.7 mL, 47 mmol) was added to the 

mixture, which was brought to 90°C. After 4 hours, the reaction mixture was cooled and 

poured into ethyl acetate (100 mL). The combined organics were washed sequentially 

with water (50 mL x 2) and brine (50 mL). The organics were dried with sodium sulfate, 

and the solvent was removed in vacuo. The product was purified by flash 

chromatography (diethyl ether) to yield a white solid (2.1 g, 79% yield): 1H NMR (499 

MHz, CDCl3) �=8.39 (ddd, J = 8.2, 1.3, 0.7 Hz, 1H), 8.00 – 7.75 (m, 2H), 7.67 (d, J = 

7.8 Hz, 1H), 7.64 – 7.45 (m, 3H), 2.23 (br s, 3H), 0.34 ppm (s, 9H); 13C NMR (126 MHz, 

CDCl3) �=169.0, 134.1, 133.1, 131.0, 127.3, 127.0, 126.8, 126.5, 120.8, 119.9, 118.3, 

103.0, 99.5, 24.6, 0.3 ppm; HRMS (ESI) m/z calcd for C17H19NNaOSi [M + Na]+ 

304.1134, found 304.1122. 

N-(4-Ethynylnaphthalen-1-yl)acetamide (2). Tetrabutylammonium fluoride (1 M 

solution in THF, 15 mL, 15 mmol) was added to a solution of SI-1 (2.1 g, 7.5 mmol) in 

THF (75 mL). After 1 hour, the mixture was poured into ethyl acetate (100 mL) and 
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washed sequentially with a saturated sodium bicarbonate solution (50 mL), water (50 

mL), and brine (50 mL). The organics were dried with sodium sulfate, and the solvent 

was removed in vacuo. The product was purified by flash chromatography (1/1 ethyl 

acetate/hexanes) to yield a white solid (1.4 g, 87% yield): 1H NMR (500 MHz, CD2Cl2) 

�=8.36 (d, J = 8.4 Hz, 1H), 8.06 – 7.75 (m, 3H), 7.75 – 7.44 (m, 3H), 3.55 (s, 1H), 2.23 

ppm (s, 3H); 13C NMR (126 MHz, CD2Cl2) �=169.5, 134.5, 134.3, 131.6, 127.6, 127.2, 

121.7, 120.4, 117.5, 82.5, 81.9, 24.6 ppm; HRMS (ESI) m/z calcd for C14H11NNaO [M + 

Na]+ 232.0738, found 232.0731. 

N-(4-(6-Bromo-2-phenylbenzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3a). 

Naphthyl imine (1a, 0.53 g, 1.7 mmol), naphthyl alkyne (2, 0.30 g, 1.4 mmol) and 

chloranil (0.39 g, 1.6 mmol) were dissolved in toluene (20 mL) under argon. Molecular 

sieves (3 Å, 0.50 g) were added to the reaction mixture, which was then stirred at room 

temperature. Subsequently, BF3·OEt2 (0.31 g, 0.27 mL, 2.2 mmol) was added to the 

mixture, and the temperature was brought to 80°C. After 15 hours, the mixture was 

cooled to room temperature, and the solids were dissolved in chloroform (50 mL). The 

molecular sieves were filtered off, and the organics were washed with a saturated sodium 

bicarbonate solution (50 mL x 3). The aqueous solution was washed with chloroform (50 

mL x 2). The organics were combined and dried with sodium sulfate, and the solvent was 

removed in vacuo. The product was purified by flash chromatography (1/4 ethyl 

acetate/chloroform) to yield a white solid (0.56 g, 76% yield): 1H NMR (500 MHz, 

DMSO-d6) �=10.16 (s, 1H), 9.59 (d, J = 8.4 Hz, 1H), 8.51 (d, J = 8.4 Hz, 2H), 8.34 – 

8.22 (m, 3H), 7.96 (m, 3H), 7.67 – 7.37 (m, 8H) 2.28 ppm (s, 3H); 13C NMR (126 MHz, 

DMSO-d6) �=169.2, 155.0, 147.0, 144.9, 138.2, 134.8, 132.3, 131.8, 131.5, 131.3, 
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130.0, 129.0, 128.6, 127.6, 127.4, 127.0, 126.23, 126.18, 125.8, 125.1, 124.7, 123.4, 

121.6, 121.2, 120.9, 23.7 ppm; HRMS (ESI) m/z calcd for C31H21BrN2NaO [M + Na]+ 

539.0735, found 539.0748. 

N-(4-(6-Bromo-2-(4-octylphenyl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide 

(3b). Naphthyl imine (1b, 0.55 g, 1.3 mmol) and naphthyl alkyne (2, 0.25 g, 1.2 mmol) 

were dissolved in toluene (25 mL) under argon. Molecular sieves (3 Å, 0.50 g) were 

added to the reaction mixture, which was then stirred at room temperature. After 30 

minutes, a suspension of chloranil (0.32 g, 1.3 mmol) in toluene (10 mL) was transferred 

to the mixture via cannula. Subsequently, BF3·OEt2 (0.19 g, 0.17 mL, 1.3 mmol) was 

added to the reaction mixture, and the temperature was brought to 80°C. After 15 hours, 

the mixture was cooled to room temperature, and the solids were dissolved in chloroform 

(50 mL). The molecular sieves were filtered off, and the organics were washed with a 

saturated sodium bicarbonate solution (50 mL x 5). The aqueous solution was washed 

with chloroform (50 mL x 2). The organics were combined and dried with sodium 

sulfate, and the solvent was removed in vacuo. The product was purified by flash 

chromatography (3/7 ethyl acetate/dichloromethane) to yield a white solid (0.54 g, 71% 

yield): 1H NMR (500 MHz, CDCl3) �=9.66 (d, J = 8.4 Hz, 1H), 8.35 – 8.22 (m, 3H), 

8.10 (d, J = 7.6 Hz, 1H), 8.02 (d, J = 8.7 Hz, 1H), 7.99 (s, 1H), 7.88 – 7.77 (m, 2H), 7.73 

– 7.63 (m, 2H), 7.63 – 7.51 (m, 2H), 7.51 – 7.44 (m, 1H), 7.44 – 7.33 (m, 3H), 2.70 (t, J 

= 7.7 Hz, 3H), 2.42 (s, 2.4H, NHCOCH3), 2.08 (s, 0.4H, NHCOCH3), 1.68 (p, J = 7.5 Hz, 

2H), 1.49 – 1.17 (m, 10H), 0.88 ppm (t, J = 6.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) �

=169.1, 155.5, 146.7, 146.1, 145.0, 136.8, 133.6, 133.2, 133.1, 132.7, 132.3, 129.4, 

129.2, 127.9, 127.7, 127.5, 127.0, 126.98, 126.90, 126.85, 125.6, 125.1, 122.5, 121.2, 
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120.8, 36.0, 32.1, 31.6, 29.7, 29.5, 29.4, 24.7, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for 

C39H37BrN2NaO [M + Na]+ 651.1987, found 651.1984; UV-vis (THF): max(	)=370 

(11800), 352 (13600), 314 (32000), 296 (29800), 240 nm (52500). 

N-(4-(6-Ethynyl-2-phenylbenzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (4a). 

Compound 3a (0.29 g, 0.57 mmol), Pd(CH3CN)2Cl2 (0.06 g, 0.23 mmol), and 2- 

dicyclohexylphosphino-2 ,4 ,6 -triisopropylbiphenyl (0.11 g, 0.23 mmol) were 

dissolved in a degassed mixture of diisopropyl amine (1.19 mL) and toluene (10 mL). 

Triisopropylsilylacetylene (0.52 g, 0.64 mL, 2.85 mmol) was added to the mixture, which 

was brought to 100°C. After 12 hours, the reaction mixture was cooled, poured into 

methylene chloride (30 mL), and sequentially extracted with water (30 mL) and brine (30 

mL). The organics were dried with sodium sulfate, and the solvent was removed in 

vacuo. The resulting intermediate was purified by flash chromatography (1/4 ethyl 

acetate/dichloromethane). Immediately after flash chromatography, the intermediate was 

dissolved in THF (30 mL), and tetrabutylammonium fluoride (1 M solution in THF, 1.14 

mL, 1.14 mmol) was added to this solution with stirring. After 5 minutes at room 

temperature, the reaction mixture was poured into dichloromethane (20 mL) and 

sequentially washed with saturated sodium bicarbonate (40 mL) and brine (40 mL). The 

organic layer was dried with sodium sulfate, and the solvent was removed in vacuo. The 

product was purified by flash chromatography (3/7 ethyl acetate/dichloromethane) to 

yield a white solid (0.13 g, 50% yield over two steps): 1H NMR (500 MHz, CDCl3) 

=9.64 (d, J = 7.9 Hz, 1H) 8.44 – 8.32 (m, 3H), 8.13 – 7.96 (m, 3H), 7.90 – 7.75 (m, 2H), 

7.70 (br s, 1H), 7.63 (s, 1H), 7.61 – 7.34 (m, 8H), 3.35 (s, 1H), 2.41 ppm (s, 3H); 13C 

NMR (126 MHz, CDCl3) =173.9, 169.2, 155.9, 147.5, 146.7, 139.3, 133.7, 133.1, 
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133.0, 132.8, 131.8, 129.8, 129.2, 129.1, 127.70, 127.66, 127.0, 126.97, 126.86, 126.2, 

125.4, 124.1, 121.21, 121.16, 120.9, 119.3, 82.5, 81.7, 24.6 ppm; HRMS (ESI) m/z calcd 

for C33H22N2NaO [M + Na]+ 485.1630, found 485.1626. 

N-(4-(6-Ethynyl-2-(4-octylphenyl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide 

(4b). Compound 3b (0.50 g, 0.79 mmol), Pd(CH3CN)2Cl2 (0.04 g, 0.16 mmol), and 2- 

dicyclohexylphosphino-2� ,4� ,6� -triisopropylbiphenyl (0.23 g, 0.48 mmol) were 

dissolved in a degassed mixture of diisopropyl amine (16.5 mL) and toluene (75 mL). 

Triisopropylsilylacetylene (0.58 g, 0.71 mL, 3.2 mmol) was added to the mixture, which 

was brought to 100°C. After 4 hours, the reaction was cooled, poured into ethyl acetate 

(50 mL), and sequentially extracted with water (50 mL) and brine (50 mL). The organic 

layer was dried with sodium sulfate, and the solvent was removed in vacuo. The resulting 

intermediate was purified by flash chromatography (3/7 ethyl acetate/dichloromethane). 

Immediately following flash chromatography, the intermediate was dissolved in THF (34 

mL), and tetrabutylammonium fluoride (1 M solution in THF, 1.34 mL, 1.34 mmol) was 

added to this solution with stirring. After 5 minutes at room temperature, the reaction 

mixture was poured into ethyl acetate (50 mL) and sequentially washed with saturated 

sodium bicarbonate (50 mL) and brine (50 mL). The organic layer was dried with sodium 

sulfate, and the solvent was removed in vacuo. The product was purified by flash 

chromatography (2/5 ethyl acetate/hexanes) to yield a white solid (0.33 g, 73% yield over 

two steps): 1H NMR (500 MHz, CDCl3) �=9.64 (ap. d, J = 7.9 Hz, 1H), 8.39 (d, J = 7.7 

Hz, 1H), 8.33 – 8.24 (m, 2H), 8.07 (d, J = 7.4 Hz, 1H), 8.04 – 7.98 (m, 2H), 7.88 – 7.75 

(m, 2H), 7.70 (s, 1H), 7.65 – 7.52 (m, 3H), 7.47 (d, J = 8.3 Hz, 1H), 7.42 – 7.31 (m, 3H), 

3.34 (s, 1H), 2.70 (t, J = 7.6 Hz, 2H), 2.41 (s, 2.3H, NHCOCH3), 2.08 (s, 0.4H, 
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NHCOCH3), 1.68 (p, J = 7.6 Hz, 2H), 1.42 – 1.22 (m, 10H), 0.89 ppm (t, J = 6.7 Hz, 

3H); 13C NMR (126 MHz, CDCl3) �=169.2, 156.0, 147.4, 146.7, 145.0, 136.8, 133.8, 

133.1, 133.0, 132.8, 131.8, 129.23, 129.18, 129.0, 127.64, 127.57, 127.1, 126.9, 126.8, 

126.2, 125.4, 123.9, 121.2, 121.0, 120.9, 119.0, 110.1, 82.4, 81.8, 36.0, 32.1, 31.6, 29.9, 

29.7, 29.5, 29.4, 24.6, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for C41H38N2NaO [M + 

Na]+ 597.2882, found 597.2906. 

N-(4-(6-Bromo-2,2'-diphenyl-[4,6'-bibenzo[h]quinolin]-4'-yl)naphthalen-1-

yl)acetamide (5a). Compound 4a (0.13 g, 0.28 mmol), naphthyl imine (1a, 0.11g, 0.34 

mmol), chloranil (0.08 g, 0.31 mmol), and molecular sieves (3 Å, 0.10 g) were suspended 

in toluene (7 mL) under argon. After stirring for 20 minutes, the mixture was transferred 

via cannula to a 75 mL pressure vessel, leaving the molecular sieves behind. BF3·OEt2 

(0.06 g, 0.05 mL, 0.42 mmol) was then added to the reaction mixture. The pressure vessel 

was sealed, and the temperature was brought to 150°C. After 4 hours, the vessel was 

cooled to room temperature. The reaction mixture was poured into chloroform (100 mL) 

and sequentially washed with saturated sodium bicarbonate (100 mL) and brine (100 

mL). The organic layer was dried with sodium sulfate, and the solvent was removed in 

vacuo. The product was purified by flash chromatography (3/10 ethyl acetate/chloroform) 

to yield a white solid (0.08 g, 37% yield): 1H NMR (500 MHz, CDCl3) �=9.83 (d, J = 

8.1 Hz, 1H), 9.58 (m, 1H), 8.45 (d, J = 8.1 Hz, 2H), 8.28 – 8.20 (m, 3H), 8.13 (m, 1H), 

8.05 – 7.30 (m, 21 H), 2.27 ppm (s, 3H); 13C NMR (126 MHz, CDCl3) �=169.1, 156.0, 

155.8, 155.33, 155.26, 146.8, 146.5, 145.9, 139.5, 139.2, 135.1, 134.9, 133.8, 132.92, 

132.85, 132.6, 132.3, 132.23, 132.20, 129.8, 129.7, 129.4, 129.3, 129.1, 129.0, 128.9, 

127.9, 127.74, 127.72, 127.7, 127.61, 127.56, 127.5, 127.4, 127.2, 127.0, 126.9, 126.8, 
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126.7, 126.5, 126.2, 125.8, 125.7, 125.5, 125.2, 125.09, 125.05, 124.9, 122.8, 121.3, 

121.1, 121.0, 120.7, 29.9, 24.5, 24.4 ppm; HRMS (ESI) m/z calcd for C50H32BrN3NaO 

[M + Na]+ 792.1627, found 792.1608. 

N-(4-(6-Bromo-2,2'-bis(4-octylphenyl)-[4,6'-bibenzo[h]quinolin]-4'-yl)naphthalen-1- 

yl)acetamide (5b). Compound 4b (0.19 g, 0.30 mmol), naphthyl imine (1b, 0.14 g, 0.34 

mmol), chloranil (0.08 g, 0.33 mmol), and molecular sieves (3 Å, 0.6 g) were suspended 

in toluene (40 mL) under argon. After stirring for 20 minutes, the mixture was transferred 

via cannula to a 75 mL pressure vessel, leaving the molecular sieves behind. BF3·OEt2 

(0.13 g, 0.12 mL, 0.9 mmol) was then added to the reaction mixture. The pressure vessel 

was sealed, and the temperature was brought to 150°C. After 4 hours, the vessel was 

cooled to room temperature. The reaction mixture was poured into chloroform (100 mL) 

and sequentially washed with saturated sodium bicarbonate (100 mL) and brine (100 

mL). The organic layer was dried with sodium sulfate, and the solvent was removed in 

vacuo. The product was purified by flash chromatography (3/10 ethyl acetate/hexanes) to 

yield a white solid (0.24 g, 80% yield): 1H NMR (600 MHz, CDCl3) �=9.81 – 9.74 (m, 

1H), 9.48 (br d, J = 7.5 Hz, 1H), 8.33 – 8.25 (m, 2H), 8.16 – 8.10 (m, 1H), 8.08 (d, J = 

8.2 Hz, 1H), 8.06 – 7.98 (m, 2H), 7.88 – 7.61 (m, 6H), 7.61 – 7.44 (m, 5H), 7.44 – 7.29 

(m, 6H), 7.24 – 7.16 (m, 2H), 2.66 (br t, J = 7.2 Hz, 2H), 2.57 (br t, J = 7.5 Hz, 2H), 2.11 

(br s, 2.8H, NHCOCH3), 1.82 (br s, 0.4H, NHCOCH3), 1.72 – 1.61 (m, 2H), 1.57 (p, J = 

7.4 Hz, 2H), 1.27 (m, J = 25.9, 14.0, 7.5 Hz, 20H), 0.91 – 0.78 ppm (m, 6H); 13C NMR 

(151 MHz, CDCl3) �=169.2, 169.1, 156.0, 155.8, 155.33, 155.27, 147.9, 147.6, 146.7, 

146.5, 146.3, 145.9, 145.8, 144.9, 144.8, 144.7, 136.9, 136.6, 134.8, 134.6, 133.9, 133.1, 

132.9, 132.8, 132.6, 132.33, 132.27, 132.1, 129.2, 129.00, 128.96, 128.9, 128.84, 128.80, 
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127.79, 127.75, 127.7, 127.58, 127.56, 127.5, 127.42, 127.37, 127.3, 127.2, 127.1, 126.9, 

126.8, 126.59, 126.55, 126.5, 126.24, 126.16, 125.8, 125.7, 125.4, 125.2, 124.91, 124.87, 

124.8, 123.9, 123.8, 122.5, 122.3, 121.7, 121.3, 121.19, 121.17, 121.1, 120.9, 36.0, 35.9, 

32.04, 32.00, 31.54, 31.48, 31.47, 31.0, 29.7, 29.6, 29.5, 29.43, 29.39, 24.3, 24.2, 22.82, 

22.79, 14.3, 14.2 ppm; HRMS (ESI) m/z calcd for C66H64BrN3NaO [M + Na]+ 1018.4130, 

found 1018.3970; UV-vis (THF): max(	)=370 (30200), 353 (32700), 314 (63400), 297 

(70400), 242 nm (92600). S-12 

N-(4-(2,2'-Bis(4-octylphenyl)-6-((triisopropylsilyl)ethynyl)-[4,6'-bibenzo[h]quinolin]-

4'- yl)naphthalen-1-yl)acetamide (SI-2). Compound 5b (0.30 g, 0.3 mmol), 

Pd(CH3CN)2Cl2 (0.02 g, 0.08 mmol), and 2-dicyclohexylphosphino-2 ,4 ,6 -

triisopropylbiphenyl (0.03 g, 0.06 mmol) were dissolved in a degassed mixture of 

diisopropyl amine (4.5 mL) and toluene (30 mL) under argon. Triisopropylsilylacetylene 

(0.22 g, 0.27 mL, 1.2 mmol) was added to the reaction mixture, which was brought to 

100°C. After 12 hours, additional Pd(CH3CN)2Cl2 was added to the mixture (0.03 g, 0.12 

mmol). After 24 hours, the reaction was cooled to room temperature, washed with brine 

(50 mL), and dried with sodium sulfate. The solvent was then removed in vacuo. The 

product was purified by flash chromatography (1/10 ethyl acetate/hexanes) to yield a 

white solid (0.32 g, 96% yield): 1H NMR (500 MHz, CDCl3) =9.93 – 9.82 (m, 1H), 

9.62 – 9.54 (m, 1H), 8.51 – 8.44 (m, 1H), 8.40 (d, J = 7.7 Hz, 2H), 8.20 (d, J = 8.0 Hz, 

1H), 8.17 – 8.08 (m, 2H), 7.95 – 7.75 (m, 6H), 7.74 – 7.52 (m, 6H), 7.51 – 7.35 (m, 5H), 

7.35 – 7.27 (m, 2H), 2.76 (t, J = 7.6 Hz, 2H), 2.71 – 2.60 (m, 2H), 2.19 (s, 2.3H, 

NHCOCH3), 1.93 (s, 0.3H, NHCOCH3), 1.81 – 1.70 (m, 2H), 1.70 – 1.59 (m, 2H), 1.50 – 

1.25 (m, 20H), 1.25 – 1.08 (m, 18H), 0.99 – 0.87 ppm (m, 6H); 13C NMR (126 MHz, 
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CDCl3) �=169.2, 156.0, 155.8, 155.5, 147.8, 147.6, 147.0, 146.9, 146.7, 146.5, 146.4, 

144.9, 144.8, 144.7, 136.9, 136.7, 136.6, 135.0, 134.9, 134.0, 133.9, 133.3, 133.1, 133.0, 

132.7, 132.6, 132.4, 132.29, 132.25, 131.71, 131.67, 129.2, 129.0, 128.9, 128.8, 128.4, 

128.1, 128.0, 127.64, 127.56, 127.5, 127.44, 127.39, 127.3, 126.9, 126.6, 126.5, 126.40, 

126.35, 126.31, 126.26, 125.7, 125.6, 125.3, 124.9, 123.9, 123.73, 123.68, 121.8, 121.5, 

121.2, 121.1, 120.94, 120.85, 120.7, 120.3, 120.2, 105.0, 104.8, 96.9, 96.8, 36.0, 35.9, 

32.04, 32.00, 31.6, 31.5, 29.7, 29.6, 29.5, 29.44, 29.40, 24.2, 24.1, 22.82, 22.79, 18.9, 

18.8, 14.27, 14.25, 11.5, 11.4 ppm; MALDI (dithranol) m/z calcd for C77H85N3OSi [M + 

H]+ 1097, found 1097. 

N-(4-(6-Ethynyl-2,2'-bis(4-octylphenyl)-[4,6'-bibenzo[h]quinolin]-4'-yl)naphthalen-

1- yl)acetamide (6). Compound SI-2 (0.32 g, 0.29 mmol) was dissolved in THF (10 mL), 

and tetrabutylammonium fluoride (1 M solution in THF, 0.56 mL, 0.56 mmol) was added 

to this solution with stirring. After 15 minutes, the reaction mixture was poured into ethyl 

acetate (50 mL) and sequentially washed with saturated sodium bicarbonate (50 mL) and 

brine (50 mL). The organic layer was dried with sodium sulfate, and the solvent was 

removed in vacuo. The product was purified by flash chromatography (1/10 to 3/10 ethyl 

acetate/hexanes) to yield a white solid (0.23 g, 84% yield): 1H NMR (500 MHz, CDCl3) 

�=9.85 (d, J = 8.2 Hz, 1H), 9.55 (d, J = 7.9 

Hz, 1H), 8.35 (m, 3H), 8.23 – 8.05 (m, 3H), 8.02 – 7.69 (m, 6H), 7.69 – 7.27 (m, 12H), 

3.37 (s, 0.5H), 3.31 (s, 0.5H), 2.75 (t, J = 7.3 Hz, 2H), 2.66 (t, J = 7.2 Hz, 2H), 2.20 (brs, 

2.2H), 1.91 (br s, 0.3H), 1.73 (m, 2H), 1.66 (m, 2H), 1.50 – 1.17 (m, 20H), 0.99 – 0.85 

ppm (m, 6H); 13C NMR (126 MHz, CDCl3) �=169.24, 169.18, 156.0, 155.83, 155.77, 

147.9, 147.6, 147.1, 147.0, 146.7, 146.5, 146.4, 144.9, 144.8, 136.9, 136.59, 136.58, 
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135.0, 134.7, 133.9, 133.1, 132.9, 132.7, 132.6, 132.5, 132.3, 132.2, 131.6, 129.2, 129.1, 

129.0, 128.95, 128.85, 128.8, 127.81, 127.76, 127.6, 127.5, 127.4, 127.2, 127.0, 126.9, 

126.8, 126.7, 126.6, 126.5, 126.3, 126.2, 126.1, 126.0, 125.73, 125.68, 125.3, 125.0, 

124.9, 123.9, 123.8, 123.68, 123.65, 121.7, 121.3, 121.2, 121.1, 120.9, 120.7, 119.0, 

118.8, 82.4, 81.9, 81.7, 36.0, 35.9, 32.04, 32.01, 31.6, 31.5, 29.7, 29.6, 29.5, 29.44, 29.40, 

24.3, 24.2, 22.83, 22.80, 14.28, 14.26 ppm; MALDI (dithranol) m/z calcd for C68H66N3O 

[M + H]+ 940.5, found 940.5. 

4-(6-Bromo-2,2'-bis(4-octylphenyl)-[4,6'-bibenzo[h]quinolin]-4'-yl)-1-naphthylamine 

(SI-3). Compound 5b (0.50 g, 0.50 mmol) was suspended in 280 mL of ethanol. 

Concentrated hydrochloric acid (55 mL, 660 mmol) was slowly added to the solution, 

and the mixture was then brought to reflux. After 24 hours, the mixture was cooled, and 

sodium carbonate (34.5 g, 326 mmol) dissolved in water (200 mL) was slowly added 

with vigorous stirring. The mixture was extracted with dichloromethane (200 mL x 3), 

the combined organics were filtered through a cotton plug, and the solvent was removed 

in vacuo. The product was purified by flash chromatography (1/20 to 1/10 ethyl 

acetate/hexanes) to yield a tan solid (0.39 g, 82% yield): 1H NMR (500 MHz, CDCl3) �

=9.88 (d, J = 8.4 Hz, 1H), 9.61 (t, J = 8.5 Hz, 1H), 8.40 (d, J = 7.9 Hz, 2H), 8.25 (d, J = 

8.0 Hz, 1H), 8.19 – 8.06 (m, 3H), 7.92 – 7.70 (m, 5H), 7.70 – 7.53 (m, 3H), 7.53 – 7.32 

(m, 7H), 7.27 (d, J = 8.3 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 7.7 Hz, 0.5H), 

6.70 (d, J = 7.6 Hz, 0.5H), 4.16 (s, 1H), 2.75 (t, J = 7.7 Hz, 2H), 2.71 – 2.59 (m, 2H), 

1.74 (p, J = 7.5 Hz, 2H), 1.70 – 1.59 (m, 2H), 1.50 – 1.24 (m, 20H), 1.01 – 0.88 ppm (m, 

6H); 13C NMR (126 MHz, CDCl3) �=156.0, 155.8, 155.4, 155.1, 148.8, 148.6, 146.8, 

146.6, 146.53, 146.50, 145.83, 145.81, 144.70, 144.68, 144.6, 143.0, 137.18, 137.16, 
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136.6, 136.5, 134.4, 134.3, 134.0, 133.0, 132.9, 132.8, 132.7, 132.6, 132.39, 132.36, 

132.2, 132.1, 129.2, 129.1, 128.92, 128.90, 128.71, 128.67, 128.6, 128.2, 127.73, 127.67, 

127.59, 127.58, 127.38, 127.35, 127.32, 127.30, 126.9, 126.7, 126.61, 126.57, 126.5, 

126.4, 126.1, 125.8, 125.7, 125.50, 125.46, 125.31, 125.27, 125.1, 125.0, 124.9, 124.37, 

124.35, 123.6, 123.3, 122.3, 121.60, 121.58, 121.4, 121.2, 121.0, 120.7, 109.2, 109.0, 

36.0, 35.89, 35.85, 32.05, 32.02, 31.6, 31.5, 31.4, 29.7, 29.6, 29.51, 29.45, 29.4, 22.84, 

22.81, 14.29, 14.27 ppm; MALDI (dithranol) m/z calcd for C64H63BrN3 [M + H]+ 952, 

found 952. 

(E)-4-(6-Bromo-2,2'-bis(4-octylphenyl)-[4,6'-bibenzo[h]quinolin]-4'-yl)-N-(4- 

octylbenzylidene)naphthalen-1-amine (7). Compound SI-3 (0.23 g, 0.24 mmol), 4- 

octylbenzaldehyde (0.11g, 0.11 mL, 0.49 mmol), and p-toluenesulfonic acid (2.0 mg, 

0.01 mmol) were dissolved in toluene (25 mL). Molecular sieves (3 Å, 1.2 g) were added 

to the reaction mixture, which was heated to 110°C. After 12 hours, the reaction mixture 

was cooled to room temperature, poured into ethyl acetate (50 mL), and sequentially 

washed with saturated sodium bicarbonate (50 mL) and brine (50 mL). The organic layer 

was dried with sodium sulfate, and the solvent was removed in vacuo. The product was 

purified by recrystallization from pentane to yield a pale yellow solid (0.22 g, 79% yield): 

1H NMR (600 MHz, CDCl3) �=9.89 (d, J = 8.0 Hz, 1H), 9.62 (d, J = 7.7 Hz, 1H), 8.57 – 

8.35 (m, 4H), 8.31 – 8.10 (m, 4H), 7.98 – 7.84 (m, 4H), 7.83 – 7.66 (m, 4H), 7.65 – 7.54 

(m, 4H), 7.54 – 7.40 (m, 4H), 7.39 – 7.27 (m, 4H), 7.12 (d, J = 7.3 Hz, 1H), 2.77 (t, J = 

7.1 Hz, 2H), 2.69 (t, J = 7.2 Hz, 4H), 1.80 – 1.73 (m, 2H), 1.73 – 1.63 (m, 4H), 1.51 – 

1.25 (m, 30H), 1.01 – 0.88 ppm (m, 9H); 13C NMR (151 MHz, CDCl3) �=160.8, 155.8, 

155.5, 150.2, 148.1, 147.3, 146.8, 146.5, 145.8, 144.8, 144.7, 137.1, 136.7, 134.8, 134.1, 
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133.4, 133.0, 132.7, 132.5, 132.3, 132.2, 129.19, 129.15, 129.0, 128.8, 128.3, 127.8, 

127.6, 127.5, 127.4, 127.0, 126.9, 126.2, 126.0, 125.9, 125.8, 125.5, 125.4, 124.9, 124.8, 

124.1, 122.4, 121.3, 121.0, 112.5, 36.2, 36.0, 35.9, 32.1, 32.03, 32.02, 31.6, 31.5, 31.4, 

29.7, 29.64, 29.59, 29.53, 29.46, 29.42, 29.39, 22.9, 22.8, 14.29, 14.26 ppm; MALDI 

(dithranol) m/z calcd for C79H83BrN3 [M + H]+ 1153, found 1153. 

N-(4-(6-Bromo-2,2',2'',2''',2''''-pentakis(4-octylphenyl)-[4,6':4',6'':4'',6''':4''',6''''- 

quinquebenzo[h]quinolin]-4''''-yl)naphthalen-1-yl)acetamide (8). Compound 6 (0.82 

g, 0.87 mmol), compound 7 (1.00 g, 0.87 mmol), and chloranil (0.24 g, 0.98 mmol) were 

dissolved in toluene in a 75 mL pressure vessel. BF3·OEt2 (0.37 g, 0.33 mL, 2.6 mmol) 

was added to the reaction mixture, and the pressure vessel was sealed, with the 

temperature brought to 150°C. After 24 hours, the vessel was cooled to room 

temperature. The reaction mixture was poured into dichloromethane (100 mL) and 

washed with saturated sodium bicarbonate (100 mL x 6). The organic layer was dried 

with sodium sulfate, and the solvent was removed in vacuo. The product was purified by 

flash chromatography (0/1 to 3/20 ethyl acetate/hexanes) to yield the pure product (0.84 

g). The remaining crude material was purified by a size exclusion column (Sephadex LH-

20) with chloroform as the mobile phase to yield additional purified product (0.30 g). The 

total combined product was isolated as a pale yellow solid (1.14 g, 63% yield): 1H NMR 

(600 MHz, CDCl3) =10.02 – 9.05 (m, 5H), 8.51 – 6.98 (m, 52H), 2.92 – 2.55 (m, 10H), 

2.37 – 1.13 (m, 63H), 0.98 – 0.78 ppm (m, 15H); MALDI (dithranol) m/z calcd for 

C147H146BrN6O [M + H]+ 2090, found 2090; UV-vis (THF) max(	)=370 (70800), 352 

(72000), 314 (123000), 297 

(153000), 246 nm (168000). 
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4-((Trimethylsilyl)ethynyl)-1-naphthylamine (SI-4). 4-Iodo-1-naphthylamine was 

prepared according to reported protocols.1S Compound 9 (5.43 g, 20.2 mmol), 

Pd(PPh3)2Cl2 (0.283 g, 0.403 mmol), and CuI (0.154 g, 0.809 mmol) were dissolved in a 

degassed mixture of diisopropyl amine (60 mL) and toluene (150 mL). 

Trimethylsilylacetylene (4.30 mL, 30.4 mmol) was added to the reaction mixture, which 

was stirred overnight at room temperature. Subsequently, the mixture was filtered though 

a pad of Celite and washed with hexanes (50 mL). The filtrate was then sequentially 

washed with water (50 mL x 2) and brine (50 mL). The organic layer was dried with 

anhydrous sodium sulfate, and the solvent was removed in vacuo. The crude product was 

purified by flash chromatography (0/100 to 1/2 ethyl acetate/hexanes) to give an oil after 

solvent evaporation (4.19 g, 87%): 1H NMR (500 MHz, CDCl3) �=8.32 (d, J = 8.5 Hz, 

1H), 7.79 (d, J = 8.0 Hz, 1H), 7.58 – 7.54 (m, 2H), 7.48 (t, J = 7.5 Hz, 1H), 6.69 (d, J = 

8.0 Hz, 1H), 4.33 (s, 2H), 0.31 ppm (s, 9H); 13C NMR (125 MHz, CDCl3) �=143.4, 

134.6, 132.1, 127.2, 127.0, 125.4, 123.0, 121.0, 111.0, 109.0, 104.3, 96.9, 0.4 ppm; 

HRMS (CI) m/z calcd for C15H18NSi [M + H]+ 240.1208, found 240.1197. 

N-p-Octylbenzylidine-4-((trimethylsilyl)ethynyl)-1-naphthylamine (SI-5). A solution 

of compound SI-4 (1.70 g, 7.10 mmol) and 4-octylbenzaldehyde (1.55 g, 7.10 mmol) in 

benzene (50 mL) was heated to reflux, while water was removed with a Dean-Stark trap. 

During the course of the reaction, the solution was concentrated via removal of solvent 

through the Dean- Stark trap. The consumption of the starting materials was monitored 

by TLC analysis (1/9 ethyl acetate/hexanes). After the solution was cooled to room 

temperature, the solvent was removed in vacuo, and the resulting viscous brown oil was 

taken into ethanol (50 mL). The resulting solution was stored overnight at -20°C to give a 
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yellow precipitate, which was collected by filtration and washed with cold ethanol. The 

product was isolated as a yellow solid (2.48 g, 79%): 1H NMR (500 MHz, CDCl3) �

=8.50 (s, 1H), 8.35 – 8.32 (m, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz, 1H), 

7.61 (t, J = 7.5 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.33 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 7.5 

Hz, 1H), 2.69 (t, J = 8.0 Hz, 2H), 1.69 – 1.63 (m, 2H), 1.37 – 1.27 (m, 10H), 0.89 (t, J = 

7.0 Hz, 3H), 0.34 ppm (s, 9H); 13C NMR (125 MHz, CDCl3) �=160.8, 150.3, 147.5, 

134.0, 131.5, 129.3, 129.1, 128.7, 127.4, 126.3, 126.2, 124.5, 118.3, 112.4, 103.6, 99.3, 

36.2, 32.0, 31.5, 29.6, 29.45, 29.41, 22.8, 14.3, 0.3 ppm; HRMS (ESI) m/z calcd for 

C30H38NSi [M + H]+ 440.2773, found 440.2765. 

N-p-Octylbenzylidine-4-ethynyl-1-naphthylamine (10a). A solution of compound SI-5 

(2.08 g, 4.73 mmol) and CsF (2.15 g, 14.2 mmol) in methanol (100 mL) was stirred at 

50°C for 2 h. The consumption of the starting materials was monitored by TLC analysis 

(1/9 ethyl acetate/hexanes). The resulting yellow solution was cooled to room 

temperature, filtered though a PTFE syringe filter (0.45 �m), and stored at -20°C 

overnight to give a yellow precipitate. The precipitate was collected by filtration and 

washed with cold methanol. The product was isolated as a yellow solid (1.33 g, 76%): 1H 

NMR (500 MHz, CDCl3) �=8.50 (s, 1H), 8.36 (d, J = 8.5 Hz, 2H), 7.93 (d, J = 8.0 Hz, 

2H), 7.73 (d, J = 7.5 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 7.5 Hz, 1H), 7.34 (d, J 

= 8.0 Hz, 2H), 6.99 (d, J = 7.5 Hz, 1H), 3.49 (s, 1H), 2.70 (t, J = 8.0 Hz, 2H), 1.70 – 1.64 

(m, 2H), 1.39 – 1.28 (m, 10H), 0.89 ppm (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) �=161.0, 150.6, 147.6, 134.1, 134.0, 131.9, 129.3, 129.1, 128.6, 127.5, 126.4, 

126.0, 124.6, 117.2, 112.4, 82.2, 81.9, 36.2, 32.0, 31.5, 29.6, 29.45, 29.41, 22.8, 14.3 
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ppm; HRMS (ESI) m/z calcd for C27H30N [M + H]+ 368.2378, found 368.2383. 

Poly[2-(4-octylphenyl)benzo[h]quinoline-4,6-diyl] (11a). Chloranil (0.401 g, 1.63 

mmol), toluene (10 mL), and BF3·OEt2 (0.16 mL, 1.0 mmol) were combined in a pressure 

vessel, and the reaction mixture was heated to 100°C. A solution of compound 10a 

(0.400 g, 1.09 mmol) in dry toluene (6.0 mL) was then added to the mixture via syringe 

pump at a rate of 1.5 mL/h. Subsequently, the pressure vessel was sealed, and the 

reaction mixture was stirred at a temperature of 120°C for 44 h. The reaction mixture was 

then cooled to room temperature, prior to addition of phenylacetylene (0.12 mL, 1 mmol) 

in 1,2-dichloroethane (16 mL). The reaction mixture was further stirred at 100°C for 24 h 

and was then again cooled to room temperature. After the resulting solids were dissolved 

in chloroform (50 mL), the solution was stirred for 1 h at room temperature. The solution 

was sequentially washed with saturated sodium bicarbonate (50 mL x 5), water (50 mL) 

and brine (50 mL). The organic layer was dried with anhydrous sodium sulfate, and the 

solvent was removed in vacuo. This crude product was precipitated from methanol (50 

mL) and further purified by size exclusion chromatography (Bio-Bead SX-1 resin), with 

chloroform as the mobile phase. After evaporation of the solvent and precipitation from 

methanol, the product was isolated by filtration as a brown solid (0.142 g, 36% isolated 

yield): 1H NMR (500 MHz, CD2Cl2) �=9.68 (br s, 1H), 8.27 – 7.05 (br m, 9H), 2.69 (br 

m, 2H), 1.65 – 0.87 ppm (br m, 15H); SEC (vs polystyrene standards) Mn = 7840 g mol-1, 

Mw = 10500 g mol-1, and PDI = 1.34. 

2-Decyltetradecanal (SI-6). Dess-Martin periodinane (30.0 g, 70.7 mmol) was dissolved 

in dry dichloromethane (250 mL) under argon. 2-Decyltetradecanol (20.0 g, 56.5 mmol) 

was then added to the reaction mixture via syringe pump over a period of 20 minutes. 
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After 5 hours, a saturated sodium bicarbonate solution (100 mL) and a saturated sodium 

thiosulfate solution (50 mL) were added to the reaction mixture with rapid stirring. After 

another 2 hours, the organic layer was filtered through a cotton plug, and the solvent was 

removed in vacuo. The product was purified by flash chromatography (0/1 to 1/5 ethyl 

acetate/hexanes) to yield a white solid (19.4 g, 97% yield): 1H NMR (500 MHz, CDCl3) 

�=9.54 (d, J = 2.8 Hz, 1H), 2.21 (qd, J = 8.4, 4.2 Hz, 

1H), 1.68 – 1.12 (m, 40H), 0.87 ppm (t, J = 7.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) �

=206.0, 52.2, 45.6, 32.4, 32.07, 32.06, 29.86, 29.82, 29.79, 29.76, 29.75, 29.72, 29.62, 

29.59, 29.51, 29.48, 29.1, 27.5, 27.2, 22.8, 14.3 ppm (Note that the 1H NMR and 13C 

NMR data match previously reported spectra.2S); HRMS (CI) m/z calcd for C24H52NO [M 

+ NH4]+ 370.4049, found 370.4037. 

11-(2,2-Dibromovinyl)tricosane (SI-7). Carbon tetrabromide (18.9 g, 57.0 mmol) was 

dissolved in dichloromethane (50 mL). This solution was cooled to 0oC, and 

triphenylphosphine (29.8 g, 113 mmol) was added under a stream of argon, inducing the 

appearance of an orange color and precipitation. After 20 minutes of stirring, a solution 

of 2-decyltetradecanal (SI-6, 10.0 g, 28.4 mmol) in dichloromethane (50 mL) was added 

to the reaction mixture dropwise over 2 minutes. After 3 hours, the reaction mixture was 

poured into dichloromethane (200 mL) and washed with sodium bicarbonate (200 mL). 

The solvent was then removed in vacuo, and the resulting solids were dissolved in a 

minimum amount of dichloromethane and precipitated with hexanes. The solids were in 

turn filtered off and discarded, with the mother liquor removed in vacuo. The 

precipitation was then repeated a second time. The product was purified by flash 

chromatography (hexanes) to yield a white solid (12.3 g, 85% yield): 1H NMR (500 
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MHz, CDCl3) �=6.11 (d, J = 9.9 Hz, 1H), 2.36 (m, J = 6.9 Hz, 1H), 1.47 – 1.16 (m, 

40H), 0.89 ppm (t, J = 7.2 Hz, 6H); 13C NMR (125 MHz, CDCl3) �=144.0, 87.7, 43.9, 

34.7, 32.1, 29.93, 29.88, 29.86, 29.84, 29.82, 29.76, 29.73, 29.70, 29.57, 29.54, 27.3, 

22.9, 14.3 ppm; HRMS could not be readily obtained due to the instability of the 

molecule. 

11-Ethynyltricosane (SI-8). 11-(2,2-Dibromovinyl)tricosane (SI-7, 12.2 g, 24.0 mmol) 

was dissolved in THF (120 mL). This solution was cooled to -78°C, and n-butyl-lithium 

(1.5 M in hexanes, 48 mL, 72 mmol) was added via a syringe pump over a period of 30 

minutes. After 1 hour, the reaction mixture was warmed to 0°C. Subsequently, the 

mixture was poured into a saturated solution of ammonium chloride (200 mL) and 

extracted with dichloromethane (200 mL). The organic layer was filtered through a 

cotton plug, and the solvent was removed in vacuo. The product was purified by flash 

chromatography (hexanes) to yield a colorless transparent oil (7.74 g, 93% yield): 1H 

NMR (400 MHz, CDCl3) �=2.37 – 2.23 (m, 1H), 2.07 – 1.98 (m, 1H), 

1.57 – 1.18 (m, 40H), 0.88 ppm (t, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) �

=88.5, 69.0, 35.2, 32.1, 31.7, 29.86, 29.84, 29.82, 29.80, 29.75, 29.69, 29.53, 29.52, 27.4, 

22.9, 14.3 ppm; HRMS (CI) m/z calcd for C25H52N [M + NH4]+ 366.4100, found 

366.4111. 

23. 4-(3-Decylpentadec-1-yn-1-yl)benzaldehyde (SI-9). 4-Bromobenzaldehyde (3.08 g, 

16.6 mmol), Pd(PPh3)2Cl2 (0.234 g, 0.333 mmol), and CuI (0.127 g, 0.667 mmol) were 

dissolved in a degassed mixture of diisopropyl amine (50 mL) and toluene (50 mL). 

Compound SI-8 (6.97 g, 20.0 mmol) was added to the reaction mixture, which was 

stirred overnight at room temperature. Subsequently, the mixture was filtered though a 
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pad of Celite and washed with hexanes (50 mL). The filtrate was then sequentially 

washed with water (50 mL x 2) and brine (50 mL). The organic layers were dried with 

anhydrous sodium sulfate, and the solvent was removed in vacuo. The crude product was 

purified by flash chromatography (0/100 to 1/9 ethyl acetate/hexanes). After solvent 

evaporation, the product was obtained as a pale yellow solid (5.62 g, 74%): 1H NMR 

(500 MHz, CDCl3) �=9.98 (s, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 

2.58 – 2.53 (m, 1H), 1.55 – 1.26 (m, 40H), 0.88 ppm (t, J = 7.0 Hz, 6H); 13C NMR (125 

MHz, CDCl3) �=191.7, 135.0, 132.3, 130.9, 129.6, 99.2, 81.3, 35.1, 32.7, 32.1, 29.85, 

29.82, 29.80, 29.78, 29.74, 29.66, 29.5, 27.6, 22.8, 14.3 ppm; HRMS (CI) m/z calcd for 

C32H56NO [M + NH4]+ 470.4362, found 470.4367. 

4-(3-Decylpentadecyl)benzaldehyde (SI-10). Palladium on activated carbon (10 wt %, 

0.260 g, 0.244 mmol), compound SI-9 (5.54 g, 12.2 mmol), and benzene (60 mL) were 

combined in a reaction vessel. The reaction vessel was charged with hydrogen under 

constant stirring. The consumption of the starting materials was monitored by TLC 

analysis (1/9 ethyl acetate/hexanes). The reaction mixture was filtered through a pad of 

Celite, and the filtrate was concentrated in vacuo. The crude product was purified by 

flash chromatography (0/100 to 1/9 ethyl acetate/hexanes) to yield a colorless oil (4.56 g, 

82%): 1H NMR (500 MHz, CDCl3) �=9.97 (s, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 

8.0 Hz, 2H), 2.67 – 2.64 (m, 2H), 1.58 – 1.55 (m, 2H), 1.36 – 1.26 (m, 41H), 0.88 ppm (t, 

J = 7.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) �=192.2, 151.1, 134.5, 130.1, 129.2, 

37.3, 35.4, 33.61, 33.58, 32.1, 30.2, 29.85, 29.82, 29.81, 29.5, 26.7, 22.8, 14.3 ppm; 

HRMS (CI) m/z calcd for C32H60NO [M + NH4]+ 474.4675, found 474.4672.�

(4-(3-Decylpentadecyl)benzylidene)-4-((trimethylsilyl)ethynyl)-1-naphthylamine (SI-
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11). A solution of compound SI-4 (1.50 g, 6.26 mmol) and SI-10 (2.38 g, 5.21 mmol) in 

benzene (50 mL) was heated to reflux, while water was removed with a Dean-Stark trap. 

During the course of the reaction, the mixture was concentrated via removal of solvent 

through the Dean-Stark trap. The consumption of the starting materials was monitored by 

TLC analysis (1/9 ethyl acetate/hexanes). After the solution was concentrated in vacuo, 

the resulting material was taken into ethanol (50 mL), cooled to -20°C, and decanted. 

This decanting process was repeated three times leaving behind a yellow oil, which was 

used in subsequent steps without further purification (3.53 g, quantitative): 1H NMR (500 

MHz, CDCl3) �=8.49 (s, 1H), 8.34 (t, J = 7.5 Hz, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.70 (d, 

J = 7.5 Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.33 (d, J = 8.0 Hz, 

2H), 6.97 (d, J = 7.5 Hz, 1H), 2.67 (t, J = 8.0 Hz, 2H), 1.62 – 1.58 (m, 2H), 1.38 – 1.27 

(m, 41H), 0.89 – 0.86 (m, 6H), 0.34 ppm (s, 9H); 13C NMR (125 MHz, CDCl3) �=160.8, 

150.3, 147.9, 134.03, 134.00, 131.5, 129.3, 129.1, 128.7, 127.4, 126.3, 126.2, 124.5, 

118.3, 112.4, 103.6, 99.3, 37.3, 35.6, 33.6, 33.4, 32.1, 30.3, 29.9, 29.8, 29.5, 26.8, 22.8, 

14.3, 0.3 ppm; HRMS (ESI) m/z calcd for C47H71NNaSi [M + Na]+ 700.5253, found 

700.5244. 26. (4-(3-Decylpentadecyl)benzylidene)-4-ethynyl-1-naphthylamine (10b). 

Tetrabutylammonium fluoride (1 M in THF, 1.22 mL, 1.22 mmol) was added to a 

solution of SI- 11 (0.553 g, 0.815 mmol) in THF (10 mL) at 0°C, and the reaction 

mixture was stirred for 2 h. The consumption of the starting materials was monitored by 

TLC analysis (1/9 ethyl acetate/hexanes). The reaction was quenched with methanol (5 

mL), and the resulting solution was concentrated in vacuo, prior to being taken into 

CH2Cl2 (50 mL). The organics were sequentially washed with saturated sodium 

bicarbonate (25 mL), water (3 x 20mL), and brine (20 mL). The organic layer was then 
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dried over anhydrous sodium sulfate. After the solution was concentrated in vacuo, the 

resulting material was taken into ethanol (50 mL), cooled to -20°C, and decanted. This 

decanting process was repeated three times leaving behind a yellow oil (0.45 g, 91%): 1H 

NMR (500 MHz, CDCl3) �=8.49 (s, 1H), 8.36 (d, J = 8.5 Hz, 2H), 7.92 (d, J = 8.0 

Hz, 2H), 7.73 (d, J = 7.5 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.54 (t, J = 8.0 Hz, 1H), 7.33 

(d, J = S-23 8.0 Hz, 2H), 6.98 (d, J = 7.5 Hz, 1H), 3.48 (s, 1H), 2.67 (t, J = 8.0 Hz, 2H), 

1.62 – 1.58 (m, 2H), 1.38 – 1.27 (m, 41H), 0.89 – 0.86 ppm (m, 6H); 13C NMR (125 

MHz, CDCl3) �=161.0, 150.6, 148.0, 134.1, 134.0, 131.9, 129.3, 129.1, 128.7, 127.5, 

126.3, 126.0, 124.6, 117.2, 112.4, 82.2, 81.9, 37.3, 35.6, 33.6, 33.4, 32.1, 30.3, 29.9, 29.8, 

29.5, 26.8, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for C44H63NNa [M + Na]+ 628.4858, 

found 628.4835. 

Poly[2-(4-(3-decylpentadecyl)phenyl)benzo[h]quinoline-4,6-diyl] (11b). Chloranil 

(0.548 g, 2.23 mmol), BF3·OEt2 (0.14 ml, 1.13 mmol), and toluene (6 mL) were 

combined in a pressure vessel, and the reaction mixture was heated to 100°C. A solution 

of compound 10b (0.450 g, 0.74 mmol) in dry toluene (5.0 mL) was then added to the 

mixture via a syringe pump at a rate of 1.25 mL/h. Subsequently, the pressure vessel was 

sealed, and the temperature was elevated to 180°C at a rate of 20°C/h. The reaction 

mixture was stirred at a temperature of 180°C for 24 h. The mixture was then cooled to 

room temperature, prior to addition of phenylacetylene (0.48 mL, 4.37 mmol) in 1,2-

dichloroethane (11 mL). The reaction mixture was further stirred at 100°C for 24 h and 

was then again cooled to room temperature. After the resulting solids were dissolved in 

chloroform (50 mL), the solution was stirred for 1 h at room temperature, washed with 

saturated sodium bicarbonate (50 mL x 5), and the organic layer was dried with 



205 

anhydrous sodium sulfate. The solvent was removed in vacuo, and the crude product was 

precipitated from methanol. This crude product was further purified by size exclusion 

chromatography (Bio-Bead SX-1 resin) with chloroform as the mobile phase. After 

evaporation of the solvent and precipitation from methanol, the product was isolated by 

filtration as a brown solid (0.083 g, 18% isolated yield): 1H NMR (500 MHz, CD2Cl2) �

=9.69 (br s, 1H), 8.24 – 7.33 (br m, 9H), 2.67 (br m, 2H), 1.56 – 

0.87 ppm (br m, 49H); SEC (vs polystyrene standards) Mn = 15500 g mol-1, Mw = 22300 g 

mol-1, and PDI = 1.44. 

2,6-Difluoro-4-(oct-1-yn-1-yl)benzaldehyde (SI-12). 4-Bromo-2,5-

difluorobenzaldehyde (1.50 g, 6.79 mmol), Pd(PPh3)2Cl2 (0.143 g, 0.204 mmol), and CuI 

(0.078 g, 0.41 mmol) were dissolved in a degassed mixture of diisopropyl amine (15 mL) 

and toluene (35 ml). 1-Octyne (1.50 mL, 10.2 mmol) was then added to the reaction 

mixture. The consumption of the starting materials was monitored by TLC analysis (1/9 

ethyl acetate/hexanes). Subsequently, the mixture was filtered though a pad of Celite and 

washed with hexanes (50 mL). The filtrate was then sequentially washed with water (50 

mL x 2) and brine (50 mL). The organic layers were dried with anhydrous sodium 

sulfate, and the solvent was removed in vacuo. The crude product was purified by flash 

chromatography (0/100 ethyl to 1/9 acetate/hexanes). After solvent evaporation, the 

product was obtained as a yellow solid (1.57 g, 92%): 1H NMR (500 MHz, CDCl3) �

=10.29 (s, 1H), 6.97 (d, J = 9.5 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 1.64 – 1.58 (m, 2H), 

1.47 – 1.41 (m, 2H), 1.38 – 1.28 (m, 4H), 0.91 ppm (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, CDCl3) �=184.1 (t, J = 4.2 Hz), 163.0 (dd, J = 261, 7.0 Hz), 132.8 (t, J = 13.2 

Hz), 115.5 (dd, J = 21.2, 4.8 Hz), 113.5 (t, J = 11 Hz), 98.3, 78.6 (t, J = 3.5 Hz), 31.4, 
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28.7, 28.3, 22.7, 19.7, 14.2 ppm; HRMS (CI) m/z calcd for C15H20F2NO [M + NH4]+ 

268.1513, found 268.1510. 

2,6-Difluoro-4-octylbenzaldehyde (SI-13). Palladium on activated carbon (10 wt %, 

0.134 g, 0.126 mmol), SI-12 (1.57 g, 6.27 mmol), and benzene (50 mL) were combined 

in a reaction vessel. The reaction vessel was charged with hydrogen under constant 

stirring. The consumption of the starting materials was monitored by TLC analysis (1/9 

ethyl acetate/hexanes). The reaction mixture was filtered through a pad of Celite, and the 

filtrate was concentrated in vacuo. The crude product was purified by flash 

chromatography (0/100 to 1/9 ethyl acetate/hexanes) to yield a yellow oil (1.46 g, 91%): 

1H NMR (500 MHz, CDCl3) �=10.30 (s, 1H), 6.81 (d, J = 10.0 Hz, 2H), 2.64 (t, J = 8.0 

Hz, 2H), 1.65 – 1.59 (m, 2H), 1.31 – 1.26 (m, 10H), 0.88 ppm (t, J = 7.0 Hz, S-25 3H); 

13C NMR (125 MHz, CDCl3) �=184.6 (t, J = 4.2 Hz), 163.2 (dd, J = 261, 6.4 Hz), 154.0 

(t, J = 10 Hz), 112.4 (dd, J = 20, 3.8 Hz), 112.1 (t, J = 11 Hz), 36.4, 32.0, 30.5, 29.4, 

29.3, 29,2, 22.8, 14.2 ppm; HRMS (CI) m/z calcd for C15H24F2NO [M + NH4]+ 272.1826, 

found 272.1824. 30. (2,6-Difluoro-4-octylbenzylidene)-4-((trimethylsilyl)ethynyl)-1-

naphthylamine (SI-14). A solution of compound SI-4 (1.05 g, 4.39 mmol) and 

compound SI-13 (1.02 g, 4.01 mmol) in benzene (50 mL) was heated to reflux, while 

water was removed with a Dean-Stark trap. During the course of the reaction, the mixture 

was concentrated via removal of solvent through the Dean-Stark trap. The consumption 

of the starting materials was monitored by TLC analysis (1/9 ethyl acetate/hexanes). The 

solution was concentrated in vacuo, and the resulting pale brown oil was precipitated 

from cold methanol. After filtration, the product was obtained as a yellow solid (1.20 g, 

63%): 1H NMR (500 MHz, CDCl3) �=8.72 (s, 1H), 8.36 – 8.32 (m, 2H), 7.70 (d, J = 
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7.5 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.55 (t, J = 7.5 Hz, 1H), 7.00 (d, J = 7.5 Hz, 1H), 

6.86 (d, J = 9.5 Hz, 2H), 2.65 (t, J = 8.0 Hz, 2H), 1.68 – 1.62 (m, 2H), 1.33 – 1.28 (m, 

10H), 0.89 (t, J = 7.0 Hz, 3H), 0.34 ppm (s, 9H); 13C NMR (125 MHz, CDCl3) �=162.3 

(dd, J = 257, 7.0 Hz), 151.7, 150.5, 149.9 (t, J = 10 Hz), 134.0, 131.4, 128.5, 127.5, 

126.5, 126.1, 124.6, 119.0, 112.20 (dd, J = 20.2, 3.8 Hz), 112.16, 111.5 (t, J = 12.5 Hz), 

103.4, 99.6, 36.1, 32.0, 30.7, 29.5, 29.3, 29.2, 22.8, 14.2, 0.3 ppm; HRMS (ESI) m/z 

calcd for C30H35F2NNaSi [M + Na]+ 498.2404, found 498.2413. 

(2,6-Difluoro-4-octylbenzylidene)-4-ethynyl-1-naphthylamine (10c). A solution of 

compound SI-14 (0.400 g, 0.841 mmol) and CsF (0.288 g, 1.90 mmol) in methanol (20 

mL) was stirred at 50°C for 2 h. The consumption of the starting materials was monitored 

by TLC analysis (1/9 ethyl acetate/hexanes). The resulting yellow solution was cooled to 

room temperature, filtered though a PTFE syringe filter (0.45 �m), and stored at -20°C 

overnight to afford a yellow precipitate. The precipitate was collected by filtration and 

washed with cold methanol. The product was isolated as a yellow solid (0.277 g, 82%): 

1H NMR (500 MHz, CDCl3) �=8.72 (s, 1H), 8.37 – 8.35 (m, 2H), 7.74 (d, J = 7.5 Hz, 

1H), 7.62 (t, J = 7.5 Hz, 1H), 7.56 (t, J = 7.5 Hz, 1H), 7.01 (d, J = 7.5 Hz, 1H), 6.86 (d, J 

= 9.5 Hz, 2H), 3.49 (s, 1H), 2.65 (t, J = 8.0 Hz, 2H), 1.68 – 1.62 (m, 2H), 1.33 – 1.25 (m, 

10H), 0.89 ppm (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) �=162.3 (dd, J = 257, 

7.0 Hz), 151.9, 150.8, 150.0 (t, J = 10 Hz), 134.0, 131.8, 128.5, 127.6, 126.6, 126.0, 

124.6, 117.9, 112.2 (dd, J = 20.2, 3.8 Hz), 112.1, 111.4 (t, J = 12 Hz), 82.1, 36.1, 32.0, 

30.7, 29.5, 29.3, 29.2, 22.8, 14.2 ppm; HRMS (ESI) m/z calcd for C27H27F2NNa [M + 

Na]+ 426.2009, found 426.2012. 

Poly[2-(2,6-difluoro-4-octylphenyl)benzo[h]quinoline-4,6-diyl] (11c). Chloranil (2.21 
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g, 8.99 mmol), toluene (30 mL), and BF3·OEt2 (0.56 mL, 4.5 mmol) were combined in a 

pressure vessel, and the reaction mixture was heated to 100°C. A solution of compound 

10c (1.212 g, 3.00 mmol) in dry toluene (15 mL) was then added to the mixture via 

syringe pump at a rate of 3.75 mL/h. Subsequently, the pressure vessel was sealed, and 

the reaction mixture was stirred at a temperature of 120°C for 44 h. The mixture was then 

cooled to room temperature, prior to addition of phenylacetylene (1.98 mL, 18.0 mmol) 

in 1,2-dichloroethane (20 mL). The reaction mixture was further stirred at 100°C for 24 h 

and was then again cooled to room temperature. After the resulting solids were dissolved 

in chloroform (50 mL), the solution was stirred for 1 h at room temperature. The solution 

was then sequentially washed with saturated sodium bicarbonate (50 mL x 5), water (50 

mL), and brine (50 mL). The organic layer was dried with anhydrous sodium sulfate, and 

the solvent was removed in vacuo. The crude product was precipitated from methanol (50 

mL) and further purified by size exclusion chromatography (Bio- Bead SX-1 resin), with 

chloroform as the mobile phase. After evaporation of the solvent and precipitation from 

methanol, the product was isolated as a brown solid (0.491 g, 41% isolated yield): 1H 

NMR (500 MHz, CD2Cl2) �=9.43 – 9.25 (br m, 1H), 7.91 – 6.93 (br m, 7H), 2.68 (br m, 

2H), 1.66 – 0.82 ppm (br m, 15H); SEC (vs polystyrene standards) Mn = 8960 g mol-1, Mw 

= 10900 g mol-1, and PDI = 1.22. 

4-(6-Bromo-2-(4-octylphenyl)benzo[h]quinolin-4-yl)-1-naphthylamine (SI-15). 

Compound 3b (0.630 g, 1.00 mmol) was suspended in a mixture of ethanol (120 mL), 

chloroform (80 mL), and concentrated HCl (62 mL), and the mixture was brought to 

reflux. After 24 hours, the mixture was cooled, and sodium carbonate (34.5 g, 326 mmol) 

dissolved in water (200 mL) was slowly added with vigorous stirring. The mixture was 



209 

extracted with dichloromethane (200 mL x 3), the combined organic layers were filtered 

through a cotton plug, and the solvent was removed in vacuo. The product was purified 

by flash chromatography (1/20 to 1/10 ethyl acetate/hexanes) to yield an off-white solid 

(0.522 g, 89%): 1H NMR (500 MHz, CDCl3) �=9.66 (d, J = 8.0 Hz, 1H), 8.29 – 8.26 (m, 

3H), 8.00 (s, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.84 – 7.77 (m, 2H), 7.75 (s, 1H), 7.50 (t, J = 

8.0 Hz, 1H), 7.44 (d, J = 8.5 Hz, 1H), 7.36 – 7.33 (m, 4H), 6.95 (d, J = 8.0 Hz, 1H), 4.37 

(s, 2H), 2.69 (t, J = 8.0 Hz, 2H), 1.67 (quint, J = 7.5 Hz, 2H), 1.38 – 1.27 (m, 10H), 0.88 

ppm (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) �=155.5, 147.8, 146.1, 144.8, 

143.1, 137.0, 133.2, 132.8, 132.3, 129.2, 129.1, 128.5, 127.8, 127.5, 127.4, 127.3, 126.8, 

126.7, 126.3, 125.7, 125.6, 125.4, 123.6, 122.1, 121.6, 121.3, 109.2, 36.0, 32.0, 31.6, 

29.6, 29.5, 29.4, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for C37H35BrN2Na [M + Na]+ 

609.1881, found 609.1861. 

4-(2-(4-Octylphenyl)-6-((trimethylsilyl)ethynyl)benzo[h]quinolin-4-yl)-1-

naphthylamine (SI-16). SI-15 (0.881 g, 1.50 mmol), Pd(PPh3)2Cl2 (0.054 g, 0.077 

mmol), CuI (0.015 g, 0.079 mmol), and PPh3 (0.039 g, 0.149 mmol) were dissolved in a 

mixture of pyridine (6 mL) and triethylamine (9 ml). Trimethylsilylacetylene (1.26 mL, 

8.92 mmol) was added to the reaction mixture, which was stirred overnight at 80°C. The 

consumption of the starting materials was monitored by TLC analysis (33/67 ethyl 

acetate/hexanes). Subsequently, the reaction mixture was cooled to room temperature, 

filtered though a pad of Celite, and washed with diethyl ether (50 mL). The filtrate was 

then concentrated in vacuo. After solvent evaporation, the crude product was purified by 

flash chromatography (0/100 to 35/65 ethyl acetate/hexanes) to yield a yellow solid 

(0.721 g, 79%): 1H NMR (500 MHz, CDCl3) �=9.63 (d, J = 8.5 Hz, 1H), 8.38 (d, J= 8.0 
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Hz, 1H), 8.27 (d, J = 8.0 Hz, 2H), 7.98 (s, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.82 – 7.76 (m, 

2H), 7.69 (s, 1H), 7.48 – 7.43 (m, 2H), 7.34 – 7.30 (m, 4H), 6.91 (d, J =7.5 Hz, 1H), 4.32 

(s, 2H), 2.67 (t, J = 7.5 Hz, 2H), 1.67 – 1.64 (m, 2H), 1.37 – 1.26 (m, 10H), 0.87 (t, J = 

6.5Hz, 3H), 0.26 ppm (s, 9H); 13C NMR (125 MHz, CDCl3) �=155.7, 148.4, 146.6, 

144.8, 142.9, 137.0, 133.1, 132.9, 131.9, 129.1, 128.9, 128.8, 128.4, 127.5, 127.4, 126.8, 

126.7, 126.6, 126.2, 125.4, 125.3, 124.5, 123.6, 121.5, 121.2, 119.6, 109.2, 103.3, 99.9, 

36.0, 32.0, 31.6, 29.6, 29.5, 29.4, 22.8, 14.3, 0.2 ppm; HRMS (ESI) m/z calcd for 

C42H45N2Si [M + H]+ 605.3352, found 605.3355. 

4-(3-Decylpentadecyl)benzylidene-4-(2-(4-octylphenyl)-6- 

((trimethylsilyl)ethynyl)benzo[h]quinolin-4-yl)-1-naphthylamine (SI-17). A solution 

of compound SI-16 (0.302 g, 0.50 mmol) and compound SI-10 (0.228 g, 0.50 mmol) in 

benzene (50 mL) was heated to reflux, while water was removed with a Dean-Stark trap. 

During the course of the reaction, the mixture was concentrated via removal of solvent 

through the Dean- Stark trap, The consumption of the starting materials was monitored 

by TLC analysis (1/9 ethyl acetate/hexanes). The solution was cooled to room 

temperature, and the solvent was evaporated to give a viscous brown oil, which was used 

in the next step without further purification. For the analytical sample, the material was 

taken into ethanol (50 mL), cooled to -20°C, and decanted. This decanting process was 

repeated three times leaving behind a yellow oil: 1H NMR (500 MHz, CDCl3) �=9.63 

(d, J = 7.5 Hz, 1H), 8.67 (s, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.38 (d, J = 7.0 Hz, 

1H), 8.30 (d, J = 8.0 Hz, 2H), 8.03 – 8.00 (m, 3H), 7.83 – 7.77 (m, 2H), 7.64 (s, 1H), 7.57 

– 7.51 (m, 2H), 7.46 – 7.35 (m, 6H), 7.22 (d, J =7.5 Hz, 1H), 2.71 – 2.68 (m, 4H), 1.71 – 

1.61 (m, 4H), 1.43 – 1.25 (m, 51H), 0.90 – 0.87 (m, 9H), 0.26 ppm (s, 9H); 13C NMR 
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(125 MHz, CDCl3) ��=160.9, 155.7, 150.2, 147.9, 147.8, 146.6, 144.9, 137.0, 134.1, 

133.6, 133.1, 132.6, 131.8, 129.3, 129.15, 129.12, 129.08, 128.9 128.7, 128.1, 127.6, 

127.5, 127.3, 126.3, 126.2, 126.0, 125.4, 124.6, 124.2, 121.1, 119.9, 112.4, 103.1, 100.1, 

37.3, 36.0, 35.7, 33.6, 33.5, 32.1, 32.0, 31.6, 30.3, 29.9, 29.8, 29.7, 29.54, 29.48, 29.44, 

26.8, 22.9, 22.8, 14.29, 14.27, 0.2 ppm; MS (ESI) m/z calcd for C74H99N2Si [M + H]+ 

1043.8; found, 1043.8. 

(4-(3-Decylpentadecyl)benzylidene)-4-(6-ethynyl-2-(4-octylphenyl)benzo[h]quinolin-

4- yl)-1-naphthylamine (12). Tetrabutylammonium fluoride (1 M in THF, 1.22 mL, 1.22 

mmol) was added to a solution of SI-17 (0.52 g, 0.50 mmol) in THF (10 mL) at room 

temperature, and the reaction mixture was stirred for 2 h. The consumption of the starting 

materials was monitored by TLC analysis (1/9 ethyl acetate/hexanes). The reaction 

mixture was diluted with diethyl ether (50 mL) and then sequentially washed with 

saturated sodium bicarbonate (25 mL), water (3 x 25mL), and brine (25 mL). The organic 

layer was dried over anhydrous sodium sulfate and concentrated in vacuo. The product 

was purified by flash chromatography using a neutral alumina as the media (0/100 to 2/8 

diethyl ether/n-pentane). After solvent evaporation, the product was obtained as a yellow 

foam (0.306 g, 63% over two steps): 1H NMR (500 MHz, CDCl3) �=9.64 (d, J = 8.0 Hz, 

1H), 8.66 (s, 1H), 8.51 (d, J = 8.5 Hz, 1H), 8.40 (d, J = 8.0 Hz,1H), 8.31 (d, J = 8.5 Hz, 

2H), 8.05 (s, 1H), 8.00 (d, J = 8.0 Hz, 2H), 7.84 – 7.77 (m, 2H), 7.69 (s, 1H), 7.56 – 7.51 

(m, 2H), 7.45 – 7.36 (m, 6H), 7.21 (d, J = 7.5 Hz, 1H), 3.34 (s, 1H), 2.72 – 2.68 (m, 4H), 

1.71 – 1.61 (m, 4H), 1.40 – 1.29 (m, 51H), 0.90 – 0.87 ppm (m, 9H); 13C NMR (125 

MHz, CDCl3) �=160.9, 156.0, 150.3, 147.93, 147.91, 146.7, 145.0, 136.9, 134.1, 133.4, 

133.0, 132.6, 131.9, 129.5, 129.3, 129.16, 129.12, 129.07, 128.9, 128.0, 127.61, 127.56, 
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127.3, 126.17, 126.16, 125.9, 125.4, 124.6, 124.1, 121.1, 118.9, 112.4, 82.2, 81.9, 37.3, 

36.0, 35.7, 33.6, 33.5, 32.1, 32.0, 31.6, 30.3, 29.9, 29.8, 29.7, 29.54, 29.48, 29.44, 26.8, 

22.86, 22.83, 14.29, 14.27 ppm; HRMS (ESI) m/z calcd for C71H90N2Na [M + Na]+ 

993.7002, found 993.6985. 

Poly[2'-(4-(3-decylpentadecyl)phenyl)-2-(4-octylphenyl)-4,6'-bibenzo[h]quinolone-

4’,6- diyl] (13). Chloranil (0.184 g, 0.75 mmol), BF3·OEt2 (0.08 ml, 0.65 mmol), and 

toluene (1.75 mL) were combined in a pressure vessel, and the reaction mixture was 

heated to 100°C. A solution of compound 12 (0.243 g, 0.25 mmol) in dry toluene (2.0 

mL) was then added to the mixture via a syringe pump at a rate of 2.0 mL/h. 

Subsequently, the pressure vessel was sealed, and the temperature was elevated to 180°C 

at a rate of 20°C/h. The reaction mixture was stirred at a temperature of 180°C for 24 h. 

The reaction mixture was then cooled to room temperature, prior to the addition of 

phenylacetylene (0.17 mL, 1.5 mmol) in 1,2-dichloroethane (3.75 mL). The reaction 

mixture was further stirred at 100°C for 24 h and was then again cooled to room 

temperature. After the resulting solids were dissolved in chloroform (50 mL), the solution 

was stirred for 1 h at room temperature. The solution was then sequentially washed with 

saturated sodium bicarbonate (50 mL x 5), water (50 mL) and brine (50 mL). The organic 

layer was dried with anhydrous sodium sulfate, and the solvent was removed in vacuo. 

The crude product was precipitated from methanol and further purified by size exclusion 

chromatography (Toyopearl HW-55S resin) with chloroform as the mobile phase. After 

evaporation of the solvent and precipitation from methanol, the product was isolated by 

filtration as a brown solid (0.020 g, 8% isolated yield): 1H NMR (500 MHz, CD2Cl2) �

=9.68 – 9.48 (br m, 2H), 8.23 – 7.33 (br m, 18H), 2.67 (br m, 4H), 1.53 – 0.83 ppm (br 
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m, 64H); SEC (vs polystyrene standards) Mn = 29600 g mol-1, Mw = 36200 g mol-1, and 

PDI = 1.22. 

8.5.3: X-ray Data Collection, Structure Solution, and Refinement 

X-ray data collection, structure solution and structure refinement for 3a and 5a can be 

found online by accessing the DOI: 10.1002/anie.201411740. 
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CHAPTER 9 An Aza-Diels–Alder Approach to Crowded 

Benzoquinolines 

 

9.1: Abstract 

Graphene nanoribbons (GNRs) are promising candidate materials for the next 

generation of nanoscale electronics. Herein, the synthesis of 2,4,6-substituted 

benzoquinolines, which constitute building blocks for nitrogen-doped GNRs, is 

described. The presented facile and modular aza-Diels–Alder chemistry accommodates 

the installation of diverse functionalities at the crowded benzoquinolines’ 2 positions. 

Given the general utility of the benzoquinoline motif, these findings hold relevance not 

only for carbon-based electronics but also for a range of chemical disciplines. 

9.2: Introduction 

Graphene nanoribbons (GNRs), which are narrow strips of sp2-hybridized carbon, 

are viewed as promising materials for the next generation of nanoscale electronics.1–5 

Thus, much effort has been devoted to the bottom-up, solution-phase synthesis of 

atomically well-defined all-carbon GNRs from precursor polymers.6–15 However, only a 

handful of studies have focused on the solution-phase synthesis of nitrogen-containing 

GNRs,14,15 and this lack of precedent in the literature is quite surprising, given the known 

importance of substitutional doping for tuning the electrical properties of carbon-based 

electronic materials.16-18 Within this context, our group has proposed the construction of 

nitrogen-doped N = 7 armchair GNRs (Figure 9.1, left) via the cyclodehydrogenation of 

polybenzoquinoline precursors (Figure 9.1, middle) comprised of 4,6-linked 

benzoquinoline subunits (Figure 9.1, right). We have recently used the aza-Diels–Alder 
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(Povarov) reaction19-26 to synthesize the envisioned oligobenzoquinoline and 

polybenzoquinoline precursors,27 in a rare demonstration of this reaction’s applicability 

for the construction of the benzoquinoline motif. However, in the previous work, we did 

not investigate the scope of our methodology, optimize the reaction conditions for high 

yields, or demonstrate the installation of varying chemical functionalities at the 

benzoquinolines’ 2 positions (corresponding to edge locations in the proposed GNRs).27 

Moreover, we did not systematically evaluate both the emergent optical and electronic 

properties of the synthesized constructs.27 Indeed, due to the sensitivity of the properties 

of GNRs to edge modification,1–5 such studies are of paramount importance for 

eventually controlling the electrical functionality of the envisioned graphitic materials. 

Herein, we describe an aza-Diels–Alder route to crowded benzoquinolines, which 

constitute building blocks for nitrogen-doped N = 7 armchair GNRs. We first optimized 

general aza-Diels–Alder reaction conditions for the synthesis of a 2,4,6-substituted 

benzoquinoline model compound. We next demonstrated the scope of this chemistry by 

preparing a number of analogous benzoquinolines featuring electron withdrawing, 

electron donating, sterically congested, or saturated alkyl functionalities at the 2 position 

(all in good yield). We, in turn, studied the electronic properties of these compounds with 

ultra-violet-visible (UV-vis) spectroscopy, observing somewhat unexpected trends. We 

subsequently used density functional theory calculations (DFT) to gain insight into the 

factors dictating the compounds’ properties. Overall, the reported findings established an 

effective route to crowded benzoquinolines and provided insight that is valuable for the 

ultimate rational design and bottom-up preparation of nitrogen-doped GNRs. 
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9.3: Results and Discussion 

 
Figure 9.1: Illustration depicting the construction of a nitrogen-doped N = 7 GNR (left) from a 
polybenzoquinoline precursor (middle) comprised of benzoquinoline subunits (right). The aryl groups at 
the 2 positions of the benzoquinolines, which would influence the electronic properties of the final GNR, 
can possess different substituents and torsion angles. 

We began our studies by synthesizing 2,4,6-substituted benzoquinoline 3a via the 

Lewis acid-promoted Povarov reaction,26,27 as illustrated in Table 9.1. Thus, we first 

prepared aldimine precursor 1a from commercially available starting materials (4-

bromonaphylamine and octyl benzaldehyde) through a known literature protocol.26,27 To 

furnish 3a, we screened a variety of Lewis acid promoters for the cycloaddition of 

naphthyl alkyne 2 to aldimine 1a (Table 9.1); here, we included the sacrificial oxidant 

chloranil28 to ensure that 3a was fully aromatized. Although several Lewis acids (entries 

1 to 4 in Table 9.1) resulted in modest yields for 3a, we obtained good yields and 

regioselectivity for AgOTf (67 %), ZnCl2 (75 %), and BF3·OEt2 (83 %) (entries 6-8 in 

Table 9.1). Based on our observations, we selected BF3·OEt2 as the most promising 

Lewis acid for the subsequent experiments. 

Having determined the optimal reaction conditions for the regioselective synthesis 

of benzoquinoline 3a in high yield, we proceeded to examine the scope of our reaction. 

We therefore used different commercially available aldehyde derivatives to prepare 

distinct aldimines 1b - 1i. We coupled each of these aldimines with alkyne 2 to furnish 

regioisomerically pure 4,6-substituted benzoquinolines 3b - 3i, as confirmed by 1H and 
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13C nuclear magnetic resonance (NMR) spectroscopy (see Supporting Information). 

Notably, our reaction conditions readily enabled the preparation of benzoquinolines 

featuring both electron withdrawing (entries 8, 9, 10, and 12 in Table 9.1) and electron 

donating (entry 15 in Table 9.1) substituents in good yields of > 67 %. Moreover, our 

protocol was capable of accommodating sterically hindered aldimines featuring ortho 

substituents on their pendant phenyl rings  (entries 8 and 13 in Table 9.1), with no 

deleterious effects on the yields. Finally, we discovered that our conditions even 

permitted aliphatic substituents (entry 14 in Table 9.1). Together, the above observations 

underscored the general applicability of the overall procedure for the production of varied 

crowded benzoquinolines. 

With our aldimines and benzoquinolines in hand, we analyzed them with X-ray 

crystallography techniques. Here, we determined the solid-state structure of aldimine 1a, 

comparing it to the one previously reported for benzoquinoline 3e (Figure 9.2).27 For 

aldimine 1a, we noted that the pendant phenyl ring was only slightly out of plane with the 

naphthyl system (Figure 9.2A). Thus, the pi-conjugation along the imine backbone 

appeared to be maintained, likely stabilizing this compound. For benzoquinoline 3e, the 

general arrangement was analogous, with a small dihedral angle of ~15° between the 

pendant phenyl ring and the benzoquinoline system (Figure 9.2B). This analysis provided 

insight into the absolute configurations of our molecules.  
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Table 9.1: Synthesis of 2,4,6-substituted benzoquinolines 3a-3i. aReaction conditions: N-(4-
ethynylnaphthalen-1-yl)acetamide (1.4 mmol), aldimine (1.6 mmol), chloranil (1.7 mmol), Lewis acid (2.2 
mmol), toluene, 80˚ C, under inert atmosphere overnight. bIsolated yield for the Povarov reaction calculated 
on the basis of the alkyne.	

entry compounda Lewis acid R yieldb (%) 

1 3a AlCl3 
 

0 

2 3a Y(OTf)3
 

 
38 

3 3a FeCl3 
 

53 

4 3a SnCl2 
 

33 

5 3a Ag(OTf) 
 

67 

6 3a ZnCl2 
 

75 

7 3a BF3•OEt2 
 

83 

8 3b BF3•OEt2 
 

82 

9 3c BF3•OEt2 
 

82 

10 3d BF3•OEt2 
 

76 

11 3e BF3•OEt2 
 

76 

12 3f BF3•OEt2 
 

75 

13 3g BF3•OEt2 
 

70 

14 3h BF3•OEt2 
 

68 

15 3i BF3•OEt2 
 

68 
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Figure 9.2: X-ray crystal structures of (A) aldimine 1a and (B) benzoquinoline 3e. For both crystal 
structures, the carbon, nitrogen, oxygen, and bromine atoms are indicated in gray, blue, red, and purple, 
respectively. Note that the hydrogen atoms in (A) and (B), as well as the octyl chain in (A), have been 
omitted for clarity. 
 

We next investigated the electronic properties of benzoquinolines 3a–3i with UV-

vis spectroscopy. As a specific example, the spectrum measured for compound 3e 

featured absorption peaks with maxima at 224 nm, 240 nm, 295 nm, 313 nm, 351 nm, 

and 370 nm (Figure 9.3 and Supporting Information Figure S9.1). This spectrum also 

differed somewhat from the spectrum of the benzo[h]quinoline core due to the presence 

of additional and/or redshifted peaks (Supporting Information Figure S9.1); the 

difference could be readily rationalized by considering the aromatic substituents and 

expanded pi-conjugated system of 3e (relative to the benzo[h]quinoline). In general, the 

spectra of our benzoquinoline compounds all exhibited clusters of peaks at 220 – 300 nm 

and 300 – 375 nm but were blue- or red-shifted with respect to one another, as illustrated 

for compounds 3b, 3e, 3g, 3h, and 3i (Figure 9.3 and Supporting Information Figure 

S9.1).  Overall, these spectra were qualitatively quite similar.  

When analyzing our molecules’ spectroscopic properties, we were surprised to 

find that the spectra of compounds 3b and 3g were both substantially blue shifted with 

respect to that of compound 3e, and even generally resembled the spectrum of compound 

3h (Figure 9.3). Indeed, based only on a straightforward analysis of electron withdrawing 

a) b) A B 
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and electron donating groups, one might expect a change in the positions of the HOMO 

and LUMO levels for halogen-substituted 3b and methyl-substituted 3g, but not 

necessarily a dramatic change in their spectra and HOMO-LUMO gap (all with respect to 

the spectrum of unsubstituted 3e). Here, based on the solid state structure of 3e, we 

hypothesized that steric interactions between the benzoquinoline core and the 2,6 

substituents of the pendant phenyl rings of 3b and 3g increased the dihedral angle 

between the two aromatic systems, twisting them out of co-planarity. This effect would 

decouple the benzoquinoline core and phenyl rings, leading to a reduction in the overall 

size of the pi-conjugated framework for 3b and 3g and to the observed blue shifts in the 

spectra. 

 
Figure 9.3: The UV-vis absorbance spectra obtained for benzoquinoline model compounds 3b (green line), 
3e (black line), 3g (blue line), 3h (red line), 3i (purple line). Note that the spectra of 3b and 3g are blue 
shifted with respect to 3e and generally resemble the spectrum of 3h. 
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Figure 9.4: Left: The chemical structures of benzoquinolines 3i, 3e, 3b, 3g, and 3h. The torsion angle 
associated with the phenyl ring at the 2 position is indicated for 3i, 3e, 3b, and 3g. Middle: The HOMO 
obtained for each benzoquinoline. Right: The LUMO obtained for each benzoquinoline. 

To provide theoretical validation for our hypothesis, we performed DFT 

calculations for all of the 2,4,6-substituted benzoquinolines. As illustrative examples, 

Figure 9.4 shows the chemical structures and corresponding HOMO and LUMO 

isosurface plots for compounds 3b, 3e, 3g, 3h, and 3i, First, we found that the orientation 
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of the naphthyl substituent relative to the benzoquinoline core was similar for these 

molecules, with a typical dihedral angle of ~74°. This observation indicated that the 

naphthyl moiety likely played a minor role in the unexpected blue shift observed for 3b 

and 3g. Second, we found the dihedral angle between the pendant phenyl ring and 

benzoquinoline core for 3b, 3e, 3g, and 3i could be roughly correlated with the 

localization of the HOMO and LUMO (Figure 9.4). Indeed, these molecular orbitals were 

more likely to encompass the pendant phenyl ring for compounds 3b and 3e, than for 

compounds 3g and 3i. Moreover, the HOMO and LUMO orbitals of compound 3g 

resembled those of compound 3h, indicating that the pendant phenyl of 3g was 

electronically decoupled from its benzoquinoline core (Figure 9.4). Overall, this analysis 

indicated that steric effects play a prominent role in dictating the electronic properties of 

our compounds. 

9.4: Conclusion 

In summary, we have expanded the scope of our previously established 

methodology and synthesized a library of crowded 2,4,6-substituted benzoquinolines. 

The presented findings hold significance for several reasons. First, this study constitutes a 

rare example (few previous reports exist)23,26–30 of the construction of substituted 

benzoquinolines via the aza-Diels–Alder reaction. Second, the scalable, straightforward, 

and mild chemistry accommodates the installation of diverse chemical functionalities at 

the 2 position, including electron donating, electron withdrawing, sterically hindered, and 

saturated alkyl moieties, all in good yields of > 67 %. Third, the spectroscopic 

measurements and theoretical calculations indicate that the electronic structures of the 

substituted benzoquinolines are dictated by a complex interplay of electronic and steric 
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factors; this constitutes important information for the eventual rational design of GNRs 

from such building blocks. Finally, given the known utility of the quinoline and 

benzoquinoline motifs,29–31 our observations are likely to prove valuable for a wide range 

of chemical disciplines.  

9.5: Supporting Information 

 
Figure S9.1:  (A) The UV-vis absorbance spectra obtained for benzoquinoline model compounds 3a-3i, as 
well as a benzo[h]quinoline standard. (B) Tabulated lambda max values for the spectra in (A). 

9.5.1: General Information and Procedures 
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Materials and General Experimental Procedures. All chemicals were purchased from 

Acros Organics, Sigma-Aldrich or Combi-Blocks. The solvents were obtained from 

Fisher Scientific and used as received, unless otherwise noted. Toluene was dried with 3 

Å molecular sieves and stored under argon. Degassed solvents were prepared by using 

three freeze-pump-thaw cycles. The glassware was oven dried at 150°C overnight. The 

reactions were performed under dry argon, unless otherwise noted. 

Compound Purification Procedures. Flash chromatography was performed using 

Silicycle Silica Flash F60 silica gel. When required, the silica gel columns were flushed 

with 1/9 triethylamine/hexanes to deactivate the silica gel, followed by hexanes to 

remove excess triethylamine. Additional purification-relevant information and protocols 

are noted below as required. 

Reaction Product Characterization Procedures. All intermediates and products were 

characterized with a combination of 1H and 13C nuclear magnetic resonance (NMR) 

spectroscopy, 1H-1H correlation spectroscopy (COSY), 1H nuclear Overhauser effect 

(NOE) spectroscopy, mass spectrometry, and ultraviolet-visible (UV-vis) spectroscopy. 

The 1H NMR spectra were obtained on a Bruker AVANCE400, a Bruker DRX500, or an 

AVANCE600 instrument. The 13C NMR, 1H-1H COSY, and 1H NOE spectra were 

obtained on a Bruker DRX500 outfitted with a CryoProbe (Bruker TCI 500 MHz, 5mm 

diameter tubes). Chemical shifts were reported in ppm for both 1H and 13C NMR. The 

chemical shifts for the NMR data were evaluated as follows: 1) for samples in CDCl3, the 

1H NMR spectra were referenced to tetramethylsilane (TMS) at 0.00 or the solvent peak 

at 7.26 ppm, and the 13C NMR spectra were referenced to CDCl3 at 77.16 ppm; 2) for 

samples in CD2Cl2, the 1H NMR spectra were referenced to the solvent peak at 5.32 ppm, 
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and the 13C NMR spectra were referenced to the solvent peak at 54.00 ppm; and 3) for 

samples in DMSO-d6, the 1H NMR spectra were referenced to the solvent peak at 3.33 

ppm, and the 13C NMR spectra were referenced to the solvent peak at 39.52 ppm. The 

data were labeled as follows: the chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, quint= quintet, m = multiplet, and br s= broad singlet), coupling 

constants in Hertz, and integration values. Accurate mass measurements via electrospray 

ionization (ESI) high resolution mass spectrometry (HRMS) were obtained at the 

University of California, Irvine Mass Spectrometry Facility on a Waters LCT Premier 

time-of-flight instrument. Electron impact (EI) HRMS spectra were recorded on a 

ThermoFinnegan TraceMS+ single quad instrument. The UV-vis spectra were collected 

on an Agilent Cary 100 Series spectrophotometer at room temperature in tetrahydrofuran 

(THF). 

Computational Details of Theoretical Simulations. Ground state density functional 

theory calculations were performed in Gaussian 09.1S For each molecule, the structural 

optimization was performed using the DFT–B3LYP hybrid functional and a 6-311g(d) 

basis set. Single point calculations for the structures with the 6-311g(d,p) and 6-

311+g(d,p) basis sets did not appreciably change the orbital energy levels. A limited 

conformational search was performed on the benzoquinoline products by rotation about 

the naphthyl group at the 4-position of the benzoquinoline ring and rotation about the 

bonds of the pendant amide group on the naphthyl ring. The frequency calculations 

indicated that all structures were at their equilibrium geometries. 

9.5.2: Detailed Experimental Procedures 

A. Representative Procedure for Formation of the Aldimines 



231 

Aldehyde (2.62 mmol), 4-bromonaphthylamine (3.14 mmol), and p-toluenesulfonic acid 

(0.11 mmol) were dissolved in toluene (25 mL). Molecular sieves (3 Å, 3.1 g) were 

added to the reaction mixture, which was then brought to reflux. After 24 hours, the 

mixture was cooled and poured into a 50 mL saturated aqueous sodium bicarbonate 

solution. The mixture was extracted with ethyl acetate (50 mL), and the organic layer was 

rinsed with brine (50 mL). The organics were dried with sodium sulfate, and the solvent 

was removed in vacuo. The resulting residue was purified by flash chromatography using 

silica gel deactivated with 10% triethylamine in hexanes (9/1 hexanes/ethyl acetate) to 

afford the product. 

B. Representative Procedure for the Synthesis of the Benzoquinolines 

Molecular sieves (3 Å, ~0.50 g), naphthyl imine (1.58 mmol), naphthyl alkyne (1.43 

mmol) and chloranil (1.65 mmol) were dissolved in toluene (30 mL) under argon and 

stirred at room temperature. Subsequently, BF3·OEt2 (2.15 mmol) was added to the 

reaction mixture, and the temperature was brought to 80°C. After ~15 hours, the mixture 

was cooled to room temperature, and the solids were dissolved in chloroform (50 mL). 

The molecular sieves were rinsed with acetone (10 mL) and ethyl acetate (20 mL) and 

filtered off. The organics were then washed sequentially with a saturated sodium 

bicarbonate solution (80 mL × 5), deionized water (80 mL × 1), and a saturated brine 

solution (80 mL × 1). The aqueous solution was in turn washed with chloroform (50 mL 

× 2). The organics were combined and dried with sodium sulfate, and the solvent was 

removed in vacuo. The resulting residue was purified by flash chromatography (1/9 ethyl 

acetate/chloroform to 18/90 ethyl acetate/chloroform) to afford the product. 

C. Compiled Analytical Data 
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(E)-4-Bromo-N-(4-octylbenzylidene)-1-naphthylamine (1a). 

This product was synthesized according to established literature protocols.2S 1H NMR 

(400 MHz, CDCl3) δ 8.50 (s, 1H), 8.38 (d, J = 8.2 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.93 

(d, J = 8.0 Hz, 2H), 7.76 (d, J = 7.8 Hz, 1H), 7.69 – 7.60 (m, 1H), 7.59 – 7.52 (m, 1H), 

7.34 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 7.9 Hz, 1H), 2.70 (t, J = 7.6 Hz, 2H), 1.74 – 1.59 (m, 

2H), 1.45 – 1.21 (m, 10H), 0.90 ppm (t, J = 6.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 

160.8, 149.6, 147.5, 134.0, 132.3, 130.2, 130.1, 129.2, 129.1, 127.9, 127.1, 126.5, 124.7, 

119.6, 113.2, 36.2, 32.0, 31.5, 29.6, 29.5, 29.4, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd 

for C25H29BrN [M + H]+ 422.1483, found 422.1477.  

(E)-4-Bromo-N-(2,6-difluro-4-bromobenzylidene)-1-naphthalenamine (1b). 

White solid (615 mg, 55%): 1H NMR (500 MHz, CDCl3) δ 8.71 (s, 1H), 8.39 (d, J = 8.2 

Hz, 1H), 8.26 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 7.9 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.61 

(t, J = 7.8 Hz, 1H), 7.31 – 7.18 (m, 2H), 6.96 ppm (d, J = 7.8 Hz, 1H); 13C NMR (126 

MHz, CDCl3) δ 162.0 (dd, J = 262.8, 7.2 Hz), 150.5, 149.2, 132.2, 130.0, 129.9, 128.1, 

127.0 (d, J = 8.2 Hz), 125.3 (t, J = 12.7 Hz), 124.6, 121.0, 116.7 – 116.5 (m), 116.4 – 

116.3 (m), 113.3 (t, J = 12.2 Hz), 112.8 ppm; HRMS (EI) m/z calcd for C17H9Br2F2N 

[M]+ 422.9070, found 422.9056. 

(E)-4-Bromo-N-(4-nitrobenzylidene)-1-naphthalenamine (1c). 

White solid (926 mg, 79%): 1H NMR (500 MHz, CDCl3) δ 8.63 (s, 1H), 8.36 (dd, J = 8.7, 

2.4 Hz, 3H), 8.25 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 7.8 Hz, 1H), 

7.67 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.60 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 6.96 (d, J = 7.8 

Hz, 1H). ppm; 13C NMR (126 MHz, CDCl3) δ 157.9, 149.6, 148.0, 141.5, 132.4, 130.1, 
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130.0, 129.8, 128.2, 127.3, 127.0, 124.4, 124.2, 121.3, 113.1 ppm; HRMS (ESI) m/z 

calcd for C17H10BrN2O2 [M − H]– 352.9926, found 352.9939. 

(E)-4-Bromo-N-(4-cyanobenzylidene)-1-naphthalenamine (1d). 

White solid (1.14 g, 89%): 1H NMR (500 MHz, CDCl3) δ 8.58 (s, 1H), 8.35 (d, J = 8.3 

Hz, 1H), 8.25 (d, J = 8.5 Hz, 1H), 8.12 (d, J = 8.1 Hz, 2H), 7.80 (dd, J = 16.1, 8.0 Hz, 

3H), 7.67 (t, J = 7.4 Hz, 1H), 7.59 (t, J = 7.5 Hz, 1H), 6.95 ppm (d, J = 7.9 Hz, 1H); 13C 

NMR (126 MHz, CDCl3) δ 158.4, 148.1, 139.9, 132.7, 132.3, 130.03, 129.96, 129.4, 

128.2, 127.2, 126.9, 124.4, 121.1, 118.5, 114.8, 113.1 ppm; HRMS (EI) m/z calcd for 

C18H11BrN2 [M]+ 334.0106, found 334.0103.  

(E)-N-Benzylidene-4-bromo-1-naphthylamine (1e). 

Yellow solid (17.2 g, 94%): 1H NMR (500 MHz, CDCl3) δ 8.53 (s, 1H), 8.39 (d, J = 8.2 

Hz, 1H), 8.25 (d, J = 8.2 Hz, 1H), 8.02 (dd, J = 7.6, 6.8 Hz, 2H), 7.76 (d, J = 8.2 Hz, 1H), 

7.65 (dt, J = 7.1, 1.1 Hz, 1H), 7.58 – 7.51 (m, 4H), 6.92 ppm (d, J = 7.9 Hz, 1H); 13C 

NMR (126 MHz, CDCl3) δ 160.8, 149.3, 136.3, 132.2, 131.8, 130.09, 130.07, 129.2, 

129.0, 127.9, 127.1, 126.6, 124.6, 119.9, 113.2 ppm; HRMS (ESI) m/z calcd for 

C17H11BrN [M – H]– 308.0075, found 308.0078.  

(E)-4-Bromo-N-(4-bromobenzylidene)-1-naphthalenamine (1f). 

White solid (947 mg, 90%): 1H NMR (500 MHz, CDCl3) δ 8.49 (s, 1H), 8.35 (d, J = 8.4 

Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 7.8 Hz, 1H), 7.66 

(dd, J = 8.8, 2.1 Hz, 3H), 7.57 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 6.92 ppm (d, J = 7.9 Hz, 

1H); 13C NMR (126 MHz, CDCl3) δ 159.4, 148.9, 135.2, 132.32, 132.29, 130.5, 130.1, 

128.0, 127.2, 126.7, 126.5, 124.6, 120.3, 113.2 ppm; HRMS (EI) m/z calcd for 

C17H11Br2N [M]+ 386.9258, found 386.9314. 
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(E)-4-Bromo-N-(2,4,6-mesitylbenzylidene)-1-naphthalenamine (1g). 

White solid (1.01 g, 85%): 1H NMR (500 MHz, CDCl3) δ 8.91 (s, 1H), 8.34 (d, J = 8.4 

Hz, 1H), 8.24 (d, J = 8.6 Hz, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.3 Hz, 

1H), 7.55 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 6.98 (s, 2H), 6.86 (d, J = 7.8 Hz, 1H), 2.65 (s, 

6H), 2.35 PPM (s, 3H); 13C NMR (126 MHz, CDCl3) δ 161.1, 150.6, 140.6, 139.4, 132.2, 

130.22, 130.18, 130.1, 127.9, 127.1, 126.6, 124.9, 119.5, 113.1, 21.7, 21.4 ppm; HRMS 

(EI) m/z calcd for C20H18BrN [M]+ 351.0623, found 351.0635. 

(E)-4-Bromo-N-(tert-butyl)-1-naphthalenamine (1h). 

White solid (6.03 g, 90%): 1H NMR (500 MHz, CDCl3) δ 8.22 (d, J = 8.5 Hz, 1H), 8.18 

(d, J = 8.4 Hz, 1H), 7.81 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.54 (t, 

J = 7.6 Hz, 1H), 6.70 (d, J = 7.8 Hz, 1H), 1.29 ppm (s, 9H); 13C NMR (126 MHz, CDCl3) 

δ 174.1, 149.6, 132.0, 130.0, 129.5, 127.8, 127.1, 126.5, 124.3, 119.0, 113.5, 37.5, 26.9 

ppm; HRMS (EI) m/z calcd for C15H17BrN [M + H]+ 290.0544, found 290.0550. 

(E)-4-Bromo-N-(4-methoxybenzylidene)-1-naphthalenamine (1i). 

White solid (217 mg, 83%): 1H NMR (500 MHz, CDCl3) δ 8.45 (s, 1H), 8.39 (d, J = 8.39, 

1H), 8.24 (d, J = 8.25, 1H), 7.96 (d, J = 7.96, 2H), 7.75 (d, J = 7.75, 1H), 7.64 (t, J = 7.64, 

1H), 7.55 (t, J = 7.55, 1H), 7.03 (d, J = 7.03, 2H), 6.90 (d, J = 6.90, 1H), 3.90 ppm (s, 

3H); 13C NMR (126 MHz, CDCl3) δ 162.6, 160.1, 149.6, 132.2, 130.9, 130.2, 130.1, 

129.4, 127.9, 127.0, 126.5, 124.7, 119.4, 114.4, 113.3, 55.6 ppm; HRMS (EI) m/z calcd 

for C18H14BrNO [M]+ 339.0259, found 339.0262. 

N-(4-Ethynylnaphthalen-1-yl)acetamide (2). 

The compound was synthesized according to established literature protocols.2S 1H NMR 

(500 MHz, CD2Cl2) δ 8.36 (d, J = 8.4 Hz, 1H), 8.06 – 7.75 (m, 3H), 7.75 – 7.44 (m, 3H), 
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3.55 (s, 1H), 2.23 ppm (s, 3H); 13C NMR (126 MHz, CD2Cl2) δ =169.5, 134.5, 134.3, 

131.6, 127.6, 127.2, 121.7, 120.4, 117.5, 82.5, 81.9, 24.6 ppm; HRMS (ESI) m/z calcd for 

C14H11NNaO [M + Na]+ 232.0738, found 232.0731. 

N-(4-(6-Bromo-2-(4-octylphenyl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide 

(3a). 

The product was isolated as a yellow-white solid (753 mg, 83% yield). With AlCl3 as the 

Lewis acid, no product was isolated. With SnCl2 as the Lewis acid, 299 milligrams were 

isolated (33% yield). With Y(OTf)3 as the Lewis acid, 343 milligrams were isolated (38% 

yield). With FeCl3 as the Lewis acid, 479 milligrams were isolated (53% yield). With 

AgOTf as the Lewis acid, 606 milligrams were isolated (67% yield). With ZnCl2 as the 

Lewis acid, 680 milligrams were isolated: 1H NMR (500 MHz, DMSO-d6) δ 10.15 (s, 

1H), 9.57 (d, J = 7.7 Hz, 1H), 8.38 (d, J = 7.8 Hz, 2H), 8.30 (d, J = 8.7 Hz, 1H), 8.26 (s, 

1H), 8.20 (d, J = 7.6 Hz, 1H), 7.94 (q, J = 7.7 Hz, 3H), 7.62 (t, J = 8.8 Hz, 2H), 7.51 – 

7.24 (m, 5H), 2.71 – 2.56 (m, 1H), 2.53 – 2.47 (m, 2H), 2.28 (s, 3H), 1.58 (s, 2H), 1.40 – 

1.07 (m, 9H), 0.91 – 0.67 ppm (m, 3H); 13C NMR (126 MHz, CDCl3) δ 169.1, 155.5, 

146.7, 146.1, 145.0, 136.8, 133.6, 133.2, 133.1, 132.7, 132.3, 129.4, 129.2, 127.9, 127.7, 

127.5, 127.01, 126.98, 126.90, 126.85, 125.6, 125.1, 122.5, 121.2, 120.8, 36.0, 32.1, 31.6, 

29.7, 29.5, 29.4, 24.7, 22.8, 14.3 ppm; HRMS (ESI) m/z calcd for C39H37BrN2NaO [M + 

Na]+ 651.1987, found 651.1984. 

N-(4-(6-Bromo-2-(4-bromo-2,6-difluro)benzo[h]quinolin-4-yl)naphthalen-1-

yl)acetamide (3b). 

The reaction was run according to the general procedure with BF3•OEt2 as the Lewis acid. 

The product was isolated as a white solid (751 mg, 83%): 1H NMR (400 MHz, DMSO-
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d6) δ 10.14 (s, 1H), 9.35 (dd, J = 6.8, 2.9 Hz, 1H), 8.34 – 8.23 (m, 2H), 8.02 – 7.90 (m, 

4H), 7.73 (d, J = 7.4 Hz, 2H), 7.64 (dd, J = 8.2, 5.7 Hz, 2H), 7.57 (s, 1H), 7.48 (t, J = 7.6 

Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 2.27 ppm (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ 

169.2, 159.9 (dd, J = 253.4, 7.8 Hz), 147.4, 146.4, 145.2, 135.0, 131.8, 131.7, 131.2, 

130.5, 130.3, 128.9, 127.8, 127.4, 127.14, 127.10, 126.2, 126.1, 125.4, 124.9, 124.8, 

123.4, 122.9, 122.6 (t, J = 12.7 Hz), 120.7, 117.1 (t, J = 18.1 Hz), 116.2 (d, J = 28.7 Hz), 

23.7 ppm; HRMS (ESI) m/z calcd for C31H18Br2F2N2NaO [M + Na]+ 652.9651, found 

652.9637. 

N-(4-(6-Bromo-2-(4-nitro)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3c). 

Yellow solid (665 mg, 82%): 1H NMR (400 MHz, DMSO-d6) δ 10.16 (s, 1H), 9.60 (d, J 

= 6.9 Hz, 1H), 8.80 (d, J = 8.9 Hz, 2H), 8.51 (s, 1H), 8.39 (d, J = 8.9 Hz, 2H), 8.31 (d, J 

= 8.5 Hz, 1H), 8.25 (d, J = 9.1 Hz, 1H), 8.05 – 7.93 (m, 3H), 7.66 (dd, J = 17.8, 7.7 Hz, 

2H), 7.52 (s, 1H), 7.49 – 7.34 (m, 2H), 2.28 ppm (s, 3H); 13C NMR (126 MHz, DMSO-

d6) δ 169.2, 152.6, 148.1, 147.4, 145.1, 144.2, 134.9, 132.2, 131.8, 131.3, 131.1, 130.3, 

128.8, 128.6, 127.7, 127.2, 127.1, 126.22, 126.17, 125.8, 125.4, 125.1, 124.1, 123.4, 

122.7, 122.0, 120.8,  23.7 ppm; HRMS (ESI) m/z calcd for C31H19BrN3O3 [M − H]– 

560.0610, found 560.0588. 

N-(4-(6-Bromo-2-(4-cyano)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3d). 

Pale yellow solid (593 mg, 76%): 1H NMR (400 MHz, DMSO-d6) δ 10.15 (s, 1H), 9.63 – 

9.55 (m, 1H), 8.73 (d, J = 8.4 Hz, 2H), 8.48 (s, 1H), 8.31 (d, J = 8.6 Hz, 1H), 8.27 – 8.22 

(m, 1H), 8.05 (d, J = 8.4 Hz, 2H), 8.02 – 7.93 (m, 3H), 7.65 (dd, J = 15.1, 7.7 Hz, 2H), 

7.51 (s, 1H), 7.48 – 7.41 (m, 1H), 7.38 (d, J = 8.4 Hz, 1H), 2.28 ppm (s, 3H); 13C NMR 

(126 MHz, DMSO-d6) δ 169.2, 153.0, 147.4, 145.0, 142.4, 134.9, 132.9, 132.2, 131.8, 
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131.3, 131.2, 130.2, 128.8, 128.2, 127.7, 127.5, 127.13, 127.07, 126.2, 125.8, 125.3, 

125.1, 123.4, 122.5, 121.8, 120.9, 118.8, 112.2, 23.7 ppm; HRMS (ESI) m/z calcd for 

C32H20BrN3NaO [M + Na]+ 564.0687, found 564.0692. 

N-(4-(6-Bromo-2-phenylbenzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3e). 

The compound was synthesized according to established literature protocols.2S 1H NMR 

(500 MHz, DMSO-d6) δ 10.16 (s, 1H), 9.59 (d, J = 8.4 Hz, 1H), 8.51 (d, J = 8.4 Hz, 2H), 

8.34 (s, 1H), 8.30 (d, J = 8.6 Hz, 1H), 8.23 (d, J = 8.3 Hz, 1H), 8.01 – 7.91 (m, 3H), 7.71 

– 7.51 (m, 5H), 7.49 (s, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 2.28 ppm 

(s, 3H); 13C NMR (126 MHz, DMSO-d6) δ 169.2, 155.0, 147.0, 144.9, 138.2, 134.8, 

132.3, 131.8, 131.5, 131.3, 130.0, 129.0, 128.6, 127.6, 127.5, 127.4, 127.0, 126.23, 

126.18, 125.8, 125.1, 124.7, 123.4, 121.6, 121.2, 120.9, 23.7 ppm; HRMS (ESI) m/z 

calcd for C31H21BrN2NaO [M + Na]+ 539.0735, found 539.0748.  

N-(4-(6-Bromo-2-(4-bromo)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3f). 

White solid (640 mg, 75%): 1H NMR (500 MHz, DMSO-d6) δ 10.16 (s, 1H), 9.57 (d, J = 

8.5 Hz, 1H), 8.48 (d, J = 8.3 Hz, 2H), 8.36 (s, 1H), 8.30 (d, J = 8.3 Hz, 1H), 8.23 (d, J = 

7.0 Hz, 1H), 8.00 – 7.92 (m, 3H), 7.76 (d, J = 8.2 Hz, 2H), 7.68 – 7.60 (m, 2H), 7.48 (s, 

1H), 7.44 (t, J = 7.7 Hz, 1H), 7.37 (d, J = 8.5 Hz, 1H), 2.28 ppm (s, 3H); 13C NMR (126 

MHz, DMSO-d6) δ 169.2, 153.8, 147.2, 144.9, 137.4, 134.8, 132.2, 131.9, 131.8, 131.3, 

131.2, 130.1, 129.4, 128.6, 127.6, 127.5, 127.05, 127.02, 126.20, 126.17, 125.8, 125.0, 

124.8, 123.7, 123.4, 121.9, 121.1, 120.9, 23.7 ppm; HRMS (ESI) m/z calcd for 

C31H20Br2N2NaO [M + Na]+ 616.9840, found 616.9840. 

N-(4-(6-Bromo-2-(2,4,6-mesityl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide 

(3g). 
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White solid (565 mg, 70%): 1H NMR (500 MHz, DMSO-d6) δ 10.14 (s, 1H), 9.33 (d, J = 

8.1 Hz, 1H), 8.29 (d, J = 8.6 Hz, 1H), 8.23 (d, J = 8.0 Hz, 1H), 7.96 – 7.84 (m, 3H), 7.67 

– 7.58 (m, 3H), 7.54 (s, 1H), 7.47 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.37 (d, J = 8.5 Hz, 1H), 

7.01 (s, 2H), 2.32 (s, 3H), 2.27 (s, 3H), 2.15 ppm (s, 6H); 13C NMR (126 MHz, DMSO-

d6) δ 169.2, 158.7, 146.0, 145.0, 137.4, 137.2, 135.4, 134.8, 132.2, 131.8, 131.1, 131.0, 

129.9, 128.6, 128.4, 127.6, 127.5, 127.1, 127.0, 126.24, 126.17, 125.7, 125.5, 124.9, 

124.0, 123.5, 121.6, 120.9, 30.7, 23.7, 20.8, 20.2 ppm; HRMS (ESI) m/z calcd for 

C34H27BrN2NaO [M + Na]+ 581.1204, found 581.1219. 

N-(4-(6-Bromo-2-(4-tert-butyl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide 

(3h).  

White solid (488 mg, 68%): 1H NMR (500 MHz, CDCl3) δ 9.56 (d, J = 7.9 Hz, 1H), 8.27 

(d, J = 7.7 Hz, 1H), 8.06 (d, J = 7.4 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.87 – 7.74 (m, 

2H), 7.68 (s, 1H), 7.65 – 7.55 (m, 3H), 7.51 (d, J = 7.6 Hz, 1H), 7.49 – 7.33 (m, 2H), 2.41 

(s, 3H), 1.57 ppm (s, 9H); 13C NMR (126 MHz, CDCl3) δ 169.2, 168.2, 146.0, 144.9, 

134.0, 133.2, 133.0, 132.8, 132.1, 129.0, 127.8, 127.7, 127.5, 127.4, 127.0, 126.9, 126.8, 

125.5, 124.2, 121.9, 121.2, 120.9, 120.8, 38.7, 30.5, 24.6 ppm; HRMS (ESI) m/z calcd for 

C29H26BrN2O [M + H]+ 497.1229, found 497.1228. 

N-(4-(6-Bromo-2-(4-omethyl)benzo[h]quinolin-4-yl)naphthalen-1-yl)acetamide (3i). 

White solid (611 mg, 68%): 1H NMR (400 MHz, DMSO-d6) δ 10.14 (s, 1H), 9.57 (d, J = 

6.0 Hz, 1H), 8.49 (d, J = 8.9 Hz, 2H), 8.33 – 8.25 (m, 2H), 8.22 (d, J = 9.5 Hz, 1H), 7.99 

– 7.90 (m, 3H), 7.69 – 7.59 (m, 2H), 7.49 – 7.41 (m, 2H), 7.37 (d, J = 8.4 Hz, 1H), 7.13 

(d, J = 8.9 Hz, 2H), 3.86 (s, 3H), 2.28 ppm (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ 

169.2, 160.9, 154.8, 146.8, 144.9, 134.7, 132.3, 131.9, 131.6, 131.3, 130.7, 129.9, 128.9, 
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128.4, 127.5, 127.0, 126.3, 126.2, 125.8, 125.0, 124.2, 123.4, 121.0, 120.5, 114.4, 55.4, 

23.7 ppm; HRMS (ESI) m/z calcd for C32H23BrN2NaO2 [M + Na]+ 569.0840, found 

569.0848. 

9.5.3 X-Ray Data Collection, Structure Solution, and Refinement 

X-ray data collection, structure solution and structure refinement for 1a and 3e can be 

found online by accessing the DOI: 10.1002/anie.201411740. 
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CHAPTER 11 Summary and Conclusions 

In conclusion, we have developed a methodology to achieve precise length and 

sequence control in the intermediate length regime (1-20 nm) of organic semiconductors 

that is crucial for understanding charge transport (CT) in organic systems. We have 

achieved this level of control for both axes of charge transport, both through the π-planes 

and along the π-plane. We have also studied these materials with exquisite chemical, 

temporal, and spatial resolution using complementary techniques within a single context. 

For charge transport through the π-planes, we have used the oligonucleotide synthetic 

methodology to stack planar organic semiconductors (perylenes in our case) by placing 

them precisely along a DNA-like backbone via automated synthesis. We used the 

sequence control inherent to this methodology to terminate these stacks with functional 

handles for well defined self-assembly at device-relevant interfaces. At these self-

assembled interfaces, we have characterized charge transport through our stacks using 

cyclic voltammetry and resonant core-hole spectroscopy and observed emergent 

functionality as the stacks enter this transitory (1-20 nm) length regime. We find that the 

CT mechanism through the stacks is through delocalization, or coherent resonant 

tunneling, and essentially instantaneous relative to the CT through the entire 

macromolecule, rate-limited by the saturated alkyl linkers. This leads to length-

independent conductivity in a length regime that is otherwise associated with exponential 

attenuation in conductivity, which has strong implications for future nano-circuits that are 

only starting to enter this length regime. This mechanism is further verified by resonant 

core-hole spectroscopy, which demonstrates that electrons placed in the stack delocalize 

on a femtosecond timescale, orders of magnitude faster than the measured CT rate 



243 

through the entire molecule including the linkers. We rationalize these findings and 

emergent behaviors with theoretical calculations demonstrating that the electronic 

coupling between the perylenes in the stack is strong enough to delocalize the molecular 

orbitals through space and across the stack, forming an extended pi-system while still 

maintaining discretized energy levels. This verifies the transitory nature of the 

“intermediate length regime,” where materials show behavior resembling both isolated 

molecules and extended systems in a way that cannot be predicted apriori, thus 

highlighting the experimental necessity of our methodology. For charge transport across 

the π-plane, we have developed a Povarov-based synthetic methodology to form length- 

and sequence-controlled graphene nanoribbon (GNR) precursors with nitrogen doping. 

We demonstrate the ability of our methodology to tune the electronic properties of the 

GNR via chemical substitution and atomically precise doping. The terminal functionality 

of our constructs can also be controlled and therefore used for well-defined device 

assembly. Overall, these findings hold broad general relevance for understanding 

structure-function relationships in arbitrary organic electronic materials and nanoscale 

charge transfer phenomena at device-relevant organic/inorganic interfaces, and also 

provides a methodology to construct the next paradigm of nanoelectronic devices with 

precise atomic control. 

 

	
	




