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ABSTRACT 

 This thesis presents structure-property relationships of a series of functionalized N-

annulated perylene diimide chromophores. Chapter one introduces the perylene diimide (PDI) 

chromophore and covers functionalization through bay annulation. Chapter two of this thesis 

explores the impact of electron deficient nitro groups on N annulated PDI (NPDI) and further 

evaluates the impact of varied alkyl substituents (M2-M4). Chapter three explores a set of NPDI 

dimers and the importance of the dihedral angle between the two fragments (M5-M7). Chapter 

four explores the modified the optical and electronic properties of M7 by incorporating small 

organic chromophores between the two halves of the NPDI dimer (M8-M10). Chapter five 

explores derivatives of the NPDI where small electron rich aryl groups have been appended to the 

periphery (M11-M15). Finally, in chapter six a pair of highly related NPDI tetramers (M17, M17) 

are examined and found to have unusually disparate properties. Each of these derivatives was 

characterized by 1H NMR, CV, UV-Vis absorption and emission as well as X-Ray crystallography 

and spectroelectrochemistry as needed. 
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1.2.4 CC Annulated PDI 
 

The six membered carbon annulated PDI is easily the most common annulative framework. 

The dominance of this annulating motif is due to its ease of synthesis (see Figure 1.6). A PDI 

substituted with an aryl group at the bay position can be ring closed via either Scholl or Mallory 

conditions. CC annulated PDIs have mainly fallen under three strategies toward three goals. First, 

this linkage is often used to determine electronic and optical properties of extended acenes or 

coronenes (see Figure 1.7). Second, this linkage is often used to explore chiroptical properties via 

an embedded twistacene or helicene (see Figure 1.8). Finally, this linkage is used in conjunction 

with heteroaryl substituents to tune steric considerations for OPVs.   

Starting with the acene and coronene series gives the best perspective toward the rest of 

the CC annulated PDIs. The simplest series to compare is that of PDI, coronenediimide (1E), 

dibenzo-coronenediimide (1F) and dinaphtho-coronenediimide (1G, see Figure 1.7).24 The 

structures lead to an unexpected electronic and optical trend. Non-annulated PDI and 1E – 1G 

have LUMO levels at -3.86, -3.62, -3.75, and -3.84 eV, respectively (see Figure 1.7). From PDI 

to coronenediimide, the LUMO is destabilized by 0.24 eV, but as the coronene unit is extended by 

Figure 1.6 General synthetic route toward CC annulated PDI compounds via Mallory (top) or 
Scholl (Bottom) conditions. 
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impact on its properties. The pyridyl annulation both destabilizes the LUMO and widens the band 

gap.44,45 These properties have yet to find an especially suitable use case. However, derivatives 

such as 1L that are reminiscent of metallated 2,2’-bipyridine indicate potential utility as a 

photoactive ligand (see Figure 1.10 B).46–48 

1.2.7 S, SS Annulated PDI 
 

Sulfide and disulfide annulated PDI are best treated as a pair for three reasons. First, they 

are synthetically related as the disulfide is an intermediate that transforms into the monosulfide.49 

Second, the mono- and disulfide are often found on the same molecule.49–52 Third, the electronic 

properties of the disulfide are reminiscent of those of the monosulfide. Comparing each PDI 

chromophore with one sulfide annulation and either sulfide (1M) or disulfide (1N) annulation, 1M 

is similar to a typical non-annulated PDI (see Figure 1.11).50 1N has a similar absorption spectrum 

to 1M, though with an additional broad low energy absorption band centered at ~600 nm. 

Electronically, 1M has a slightly narrower band gap than an unsubstituted PDI due to a destabilized 

Figure 1.10 A) Structure of bis CO annulated PDI 1K used for water splitting and B) Structure of 
CN annulated PDI 1L used for photodynamic therapy. 
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HOMO and LUMO. 1N has a stabilized LUMO and destabilized HOMO compared to monosulfide 

annulated PDI. This narrowed band gap is responsible for the additional low energy band. The 

narrowed band gap appears to result from the interaction of the PDI aromatic system with the 

electronically active disulfide bond. The disulfide annulated PDI HOMO has a bonding component 

at the sulfide bond and the disulfide annulated PDI LUMO has a antibonding component at the 

sulfide bond.50,51 The unique properties resulting from this structure have been taken advantage of 

in two forms. The broadened absorption has been found advantageous in OPV devices. The larger, 

more diffuse sulfur orbitals (compared to carbon) have further improved OPV devices52 as well as 

providing a benefit to organic field effect transistor (OFET) applications.50,51 

1.2.8 Se Annulated PDI 
 

 Selenium annulated PDI (SePDI, Figure 1.2) is unique among the annulated PDI 

derivatives because the optical and electronic properties are effectively unchanged. Compared to 

Figure 1.11 A) Structure of sulfide annulated PDIs containing one sulfide and one A) sulfide or 
B) disulfide annulations as well as C) their corresponding UV-Vis spectra. Reprinted (adapted) 
with permission from (Chen, L.; Xia, P.; Du, T.; Deng, Y.; Xiao, Y. Catalyst-Free One-Pot 
Synthesis of Unsymmetrical Five- and Six-Membered Sulfur-Annulated Heterocyclic Perylene 
Diimides for Electron-Transporting Property. Org. Lett. 2019, 21 (14), 5529–5532. 
https://doi.org/10.1021/acs.orglett.9b01847. Copyright (2020) American Chemical Society 
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studies looking toward implementing NPDI derivatives in OPVs,22,23,62 derivatives of NPDI have 

focused on derivatization at the pyrrolic position in order to study aggregation,63 regiochemical 

mesomeric effects,64,65 and photophysical phenomena.66  

Each of the above annulation offers unique functionality on top of the beneficial properties typical 

to PDI. Each annulation method has led to an entire class of molecules especially suited for a 

particular application such as fluoride sensing (BN), stable RedOx (C), circular dichroism, 

transistors and OPVs (CC), photocatalysis (CN), and transistors (S, SS) (see above). The remaining 

annulation strategies are relatively less explored. This thesis aims to develop NPDI to determine 

structure property relationships so that later synthetic efforts can accurately direct toward a given 

application. As a comparison, the properties of M1 are given in Chapter 12.1 using the same 

methods as are used throughout this thesis. 

 

1.3 Initial Goals for N-Annulated PDI Development 
 

NPDI offers an effective synthetic framework for organic electronics. The synthetic flexibility of 

the easily functionalized pyrrolic position opens up broad structural possibilities. In order to 

effectively select which of the myriad possible structures may best suit a particular task, a set of 

detailed structure-property relationships must be determined. Therefore, this thesis explores 

various derivatives to develop structure-property relationships based on NPDI. A series of 

alterations to M1 were made with the intent of modifying the electronic, steric, optical, 

photophysical and self-assembly properties (see Figure 1.13). 
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An initial avenue of exploration is to target a highly stabilized LUMO level as that has been shown 

to be an effective strategy for air stable OFETs.67–69 Therefore, in one project I explored the 

modification of the electronics via addition of nitro groups (see Figure 1.13, bottom left and 

Chapter 2). Next, I wished to explore the influence of geometry of the NPDI dimer, without 

substantially modifying the position or energy of the frontier molecular orbitals. Therefore, I 

extended the NPDI dimer previously synthesized by Arthur Hendsbee by inserting either one or 

two acetylenes between the NPDI chromophores to examine the effect of steric crowding on the 

dimer (see Figure 1.13, top left, and Chapter 3). Next, combining the results of both the electronic 

and steric projects, I installed various dyes in between a pair of NPDI chromophores (see Figure 

1.13, top center, and Chapter 4).  

Figure 1.13 Variation in structural design with the impact of modifying specific properties. 
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Having explored the results of modifying the remaining bay positions with electron withdrawing 

substituents, steric active substituents, or substituents that are both electronically and sterically 

active, I chose to change tack. Next, I focused on examining the impact of tethering an 

electronically active small molecule to the exterior of an NPDI dimer (see Figure 1.13, top right 

and Chapter 5). Finally, to focus on purely physical properties in the absence of any significant 

electronic differences I synthesized a pair of NPDI tetramers consisting of two monomeric NPDI 

endcaps pendant to a central NPDI dimer (see Figure 1.13, bottom right and Chapter 6). 
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2. Chapter 2: Direct Modification of Optical and Electronic Properties by Substitution 
on the NPDI core 

2.1 Chapter Overview 
 

This chapter is written based on Cann, J.; Gelfand, B. S.; Welch, G. C. Synthesis, Self-Assembly, 

and Air-Stable Radical Anions of Unconventional 6,7-Bis-Nitrated N-Annulated Perylene 

Diimides. Mol. Syst. Des. Eng. 2020, 5 (7), 1181–1185. https://doi.org/10.1039/D0ME00081G. 

Figures are modified with permission. Full permissions can be obtained in Chapter 11.1. Jonathan 

Cann would like to thank Benjamin Gelfand for his role in obtaining the crystal structures (crystal 

selection, mounting, data collection, model fitting and refinement) in this chapter. 

Controlling the frontier molecular orbitals (FMOs) is of great importance to organic electronics. 

In the context of OFETs, variations in the electronic stabilization of the FMOs will have a large 

impact on the electron or hole mobility, ambient stability, stability during operation, and ideal 

electrode choice. Operational stability is a difficult goal which requires a LUMO more stabilized 

than -4.3 eV.70  For example, the top performing air stable PDI derivative, PDI(CN)2, has a 

reduction at -0.07 vs. saturated calomel electrode (SCE) which corresponds to a LUMO level of -

4.33 eV.71 Since the LUMO of NPDI is at -3.5 eV22 stabilizing the LUMO level provides a clear 

path toward air stable mobility. To this end reference compound M1 was modified with electron 

withdrawing groups to increase the molecules electron affinity. The nitro functional group was 

chosen as a simple electron withdrawing group. In additional to conjugated organic molecules 

bearing nitro functional groups being electron deficient and thus having low lying LUMO energy 

levels, the installation is facile typically only requiring treatment with nitric acid. Contrary to other 

PDI derivatives which only nitrate once for each bay region,72–75 nitration of M1 yielded the bis 

nitrated product (see below). Having found an unexpected product with not just one, but two highly 

withdrawing groups, we decided to further pursue bis nitrated derivatives (which have been 
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recently shown to have unexpected synthetic possibilities).76 Within organic electronics, it is well 

known that the overall performance depends not only on the properties of the isolated molecule, 

but also the solid-state structure.77,78 As such, variation at the pyrrolic position was chosen 

specifically to induce different crystal packing motifs. Three different substituents were chosen. 

First, an unfunctionalized hexyl alkyl chain was chosen as it has previously been shown to 

intercalate with the imide alkyl chains.22 Second, a perfluorohexyl chain was chosen as the 

fluorinated alkyl chain should be excluded from the imide alkyl chains. A perfluorohexyl chain 

could also further stabilize the FMOs thanks to its inductively withdrawing nature. Finally, a 

simple proton was chosen as it may participate in strong hydrogen bonding interactions. 

2.3 Synthesis of M2-M4 
 

Each of M2, M3, and M4, were made analogously starting from 2A (see Figure 2.1). First 2A was 

alkylated using either 1-bromohexane or 1-bromoperfluorohexane under basic conditions in DMF 

to give M1 and 2B, respectively. The alkylation with the perfluoro alkyl chain (28 %) was 

significantly poorer yielding than the hexyl alkyl chain (94 %). An analysis of the reaction mixture 

showed a significant by-product that is a constitutional isomer of the 2B. (for more information 

see Chapter 8, Figures 8.1 and 8.2). Next, 2A as well as the alkylated derivatives M1 and 2B 

were nitrated with fuming nitric acid in DCM to give M2-M4 with a yield of > 95, 95, and 88 %, 

Figure 2.1 Synthetic route toward M2-M4. 
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respectively. While still satisfactory, the yield of M4 was slightly lower than M2 and M3 due to 

its increased solubility in methanol which was used to recover the product. Product identification 

and purity were confirmed via MALDI MS, 13C NMR spectroscopy, 1H NMR spectroscopy, and 

EA. Structures were confirmed with SC-XRD. Full experimental details as well as tabulated 

spectral data can be found in Chapter 8.2.1 

2.3 Characterization of M2-M4 
2.3.1 1H NMR Spectroscopic Analysis of M2-M4 
 

Initial exploration of M2-M4 was done via 1H NMR spectroscopy (see Figure 2.2). The spectra 

of M2-M4 are very simple and consist of 2 aromatic singlets (A, B), an imide N-CH2 septet (C), 

and imide aliphatic resonances (D-F). Additionally, M2 has multiplets corresponding to the 

additional hexyl chain (G) and M4 has an additional singlet at 10.2 ppm corresponding to the 

pyrrole N-H (H). These resonances confirm the symmetric bis-substitution pattern, but they do not 

distinguish between 6,7 and 5,8 substitution. While previous literature has assigned similar bis 

nitrated NPDI derivatives as 6,7 it unclear how they came to that assignment.76  

 

Figure 2.2 1H NMR spectra of A) M2, B) M3 and C) M4 in dilute CDCl3 solution (10 mg/mL, 
~10-3 M).  
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state electronic device such as an OPV or OFET, alkyl chain and process engineering is a viable 

route to dramatically alter assembly-based properties. 

2.4 Electronic and Optical Characterization of M2-M4 
2.4.1 Electrochemical Analysis of M2-M4 
 

To test if I had achieved the original goal of stabilizing the frontier molecular orbitals, the cyclic 

voltammograms of M2-M4 were taken and compared (see Figure 2.9 A). Each of M2-M4 has 

two reversible reductions and no oxidation within the solvent window. The reductions occur at E1/2 

values of -0.68 and -1.0 V (vs. Fc/Fc+) in M2, -0.47 and -0.71 V (vs. Fc/Fc+) in M3, and -0.66 and 

-0.91 V (vs. Fc/Fc+) in M4. These reduction potentials correspond to LUMO levels of -4.12, -4.14 

and -4.33 eV for M2-M4 respectively. These LUMO levels compare well to both the -4.3 eV limit 

proposed for air stability, as well as the -4.33 eV LUMO level of PDI(CN)2.70,71 None of M2-M4 

have an oxidation within the stability window of the DCM solvent. As a preliminary test for air 

stability five sequential cyclic voltammograms of M2 were taken after the CV solution was 

sparged with compressed air for 10 minutes (see Figure 2.9 B). Typically, reduced species are 

reactive toward oxygen and the reverse reductions are inhibited. Instead, the profile is unchanged 

Figure 2.9 A) Cyclic voltammograms of M2-M4 with the E1/2 of the first reduction shown in V 
vs. Fc/Fc+ and B) Cyclic voltammogram of M2 of 5 sequential scans after sparging with 
compressed air. Cyclic voltammograms were taken in DCM with TBAPF6 as supporting 
electrolyte. 
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2.4.3 Spectroelectrochemical Analysis of M2-M4 
 

While CV suggested air stability, it is not an effective technique for probing stability over the 

course of hours to days. Instead, optical characterization of the reduced species followed by 

monitoring via UV-Vis is better suited for intermediate length stability experiments. It is therefore 

important to optically characterize the reduces species of M2-M4 via spectroelectrochemistry 

(SEC) and comparing to chemically reduced versions. First, M2-M4 were reduced at a potential 

of -0.20 V (vs. Ag/Ag+) for M3 and M4 and -0.10 V for M3 (see Figure 2.11). The less negative 

potential for M3 is consistent with the lower E1/2 observed for M3 in the cyclic voltammograms. 

For each of the three species, very similar changes are observed. The high energy band, originally 

~300-400 nm redshifts to ~350-450 nm, the low energy band ~450-650 nm bleaches and a new 

band forms centered at ~700 nm. Additionally, small bands in the near IR region (> 700 nm) are 

also formed. These changes are consistent with the radical anion of M1 and other PDI based radical 

anions which have a characteristic intense absorption ~ 700 nm.79,80 Ideally, the formation of 

radical anions would also be confirmed by electron paramagnetic resonance spectroscopy, but the 

instrument was not available for the duration of this project. 

Figure 2.11 SEC spectra of A) M2, B) M3, and C) M4 going from the neutral species (red trace) 
to the anion (blue). Spectra were obtained every 10 seconds until no further changes were 
observed. Spectra were obtained in dilute DCM solution (~10-4 M) with TBAPF6 as supporting 
electrolyte. 
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Next M2-M4 were reduced at a potential of – 0.50 V for M2 and M4 and – 0.40 V for M3 (see 

Figure 2.12). Again, the changes to the profiles are similar across M2-M4. The high energy band, 

~ 350-450 in the radical anion further redshifts and sharpens to a narrow band ~ 400-450 nm. The 

low energy band centered around 700 nm in the radical anion is further redshifted to center around 

750 nm in the dianion. These spectra are also consistent with the dianion of M1 and other PDI 

based dianions. 

2.5 Chemical Reduction of M2-M4 
2.5.1 Comparison of Chemical Reduction and SEC data. 
 

Having identified the optical characteristics of the radical anion and dianion as generated in situ, I 

next attempted to observe the radical anion in ambient conditions. To generate the radical anion, 

M2-M4 were dissolved in DMSO (~10-4 M) and exposed to stoichiometric amounts of sodium 

thiosulfate in water (see Figure 2.13). Sodium thiosulfate was chosen as a common air stable mild 

reducing agent. A DMSO/water system was chosen as it was able to solubilize all the relevant 

organic, ionic, and reduced species. These experiments were performed under ambient conditions 

to show the relative stability of the radical anions. From zero to one equivalent, the spectra of M2-

M4 changed similar to the SEC experiments. Some minor differences are observable in the spectra 

Figure 2.12 SEC spectra of A) M2, B) M3, and C) M4 going from the neutral species (red trace) 
to the dianion (blue). Spectra were obtained every 10 seconds until no further changes were 
observed. Spectra were obtained in dilute DCM solution (~10-4 M) with TBAPF6 as supporting 
electrolyte. 
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but are likely due to either the solvent choice (DCM for SEC and DMSO for chemical reductions) 

or residual neutral species in SEC due to unavoidable diffusion. Additional sodium thiosulfate did 

not further evolve the spectra due to additional ~0.2 - 0.3 V required to access the second reduction 

of each species. 

2.5.2 Stability of Chemically Generated Radical Anions 
 

To determine if the radical anions were stable, solutions of M2-M4 were kept under ambient 

conditions and examined via UV-Vis-NearIR spectroscopy after 1 and 11 days (see Figure 2.14). 

After 11 days exposure to ambient conditions none of M2-M4 show degradation to the neutral 

species. The observed ambient stability likely indicates inhibition of single electron transfer to 

form superoxide. However, M2-M4 appear to be slowly converting to the dianionic state. It is 

unclear what mechanism is allowing the second reduction, but photoreduction of PDI derivatives 

Figure 2.13 UV-Vis-NearIR absorption spectra of A) M2, B) M3, and C) M4 with 0 – 1 
equivalent of sodium thiosulfate as reducing agent and a comparison between the chemically 
generated and electrochemically generated radical anion of D) M2, D) M3, and F) M4. SEC 
were obtained in dilute DCM solution (~10-4 M) with TBAPF6 as supporting electrolyte. 
Chemical reductions were obtained in dilute DMSO solution (~10-5 M). 
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is a well-known possibility.81 Indeed, solutions of M2-M4 kept in the dark showed no evidence of 

reductions. 

2.6 Conclusion 
 

In this chapter three bis nitrated NPDI based compounds M2-M4 were synthesized and 

characterized. Each of M2-M4 was able to be crystallized to yield single crystals suitable for X-

ray crystallography. Analysis of the crystal structures showed a highly distorted perylene core due 

to the bis nitration. Further analysis showed that the supramolecular packing of M2-M4 was highly 

dependent on the identity of the pyrrolic alkyl chain. Additionally, M4 was found to adopt different 

packing motifs depending on the nature of the solvent from which it was crystallized. Each of M2-

M4 was found to have a highly stabilized LUMO when compared to a non-nitrated reference 

compound. SEC analysis identified the spectral signatures of the radical anions of M2-M4 and 

chemical reductions showed that the radical anions were observable in ambient conditions. This 

route for functionalization shows great promise for the synthesis of structurally diverse NPDI 

derivatives that have air stable radical anions. The similarity of the reduction potential of M2-M4 

to PDI(CN)2 as well as the observed stability of the radical anions of M2-M4 indicates that 

transistors made from M2-M4 are highly likely to be ambient stable under operation. Further 

Figure 2.14 UV-Vis-NearIR absorption spectra of A) M2, B) M3, and C) M4 with 1 equivalent 
of sodium thiosulfate as reducing agent as evolved over the course of 11 days. Chemical 
reductions were obtained in dilute DMSO solution (~10-5 M). 
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3. Chapter 3: Acetylene Linkers Control Dihedral Angle 
3.1 Overview of Chapter: 
 

This chapter is written based on Cann, J.; Dayneko, S.; Sun, J.-P.; Hendsbee, A. D.; Hill, I. G.; 

Welch, G. C. N-Annulated Perylene Diimide Dimers: Acetylene Linkers as a Strategy for 

Controlling Structural Conformation and the Impact on Physical, Electronic, Optical and 

Photovoltaic Properties. J. Mater. Chem. C 2017, 5 (8), 2074–2083. 

https://doi.org/10.1039/C6TC05107C. Figures are modified with permission. Full permissions can 

be obtained in Chapter 11.2. Jonathan Cann would like to thank Sergey Dayneko for his role in 

fabricating, testing and analyzing OPV devices for this chapter. 

This chapter describes the synthesis and characterization of two new NPDI dimers with one (M6) 

or two (M7) acetylene linkers and a comparison to the previously reported NPDI dimer with no 

extraneous linking groups (M5, see Figure 3.1). This series of compounds was proposed to isolate 

the effect of the dihedral angle between the two PDI chromophores from the effects of strongly 

donating or withdrawing substituents. Computational analysis with DFT added theoretical backing 

to the proposed variation in dihedral angle, while analysis of the 1H NMR spectra of the three 

Figure 3.1 Design of M5-M7 with the expected geometries shown. 
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dimers confirmed a variation of dihedral angle experimentally. CV was performed to confirm that 

the frontier molecular orbitals were minimally impacted by the presence of the acetylene linkers. 

Further analysis of the electronic properties via UV-Vis and PL spectroscopy revealed dramatic 

differences between the three dimers despite their similarity according to other techniques. 

Additionally, it was determined that the solubility was dramatically different between the three 

dimers with the acetylene spaced dimers aggregating in solution with methanol as counter solvent. 

These materials were trialled in OPV devices with PTB7-Th as donor, and the morphologies were 

examined via AFM to show increased aggregation upon planarizing the PDI dimer. Consistent 

with the hypothesis that PDI oligomers are beneficial due to inhibited aggregation, the less twisted 

dimers have larger domains and have lower efficiency than the direct, twisted dimer. 

3.2 Synthesis of M5-M7 
 

The synthesis of the three dimers (see Figure 3.2) starts from NPDI-Br, 3A which itself was made 

according to an optimized literature procedure.22 The directly linked dimer M5 was synthesized 

by a modified Negishi reductive homocoupling as optimized previously.22 Next 3A was subjected 

to Sonogashira coupling conditions with trimethylsilyl acetylene as coupling partner to give 3B in 

94 % yield. It was found that this product needed to be rigorously purified from trace metal 

contamination to reduce by-product formation in the next reaction. To rigorously remove trace 

metal contaminants, the crude product was dissolved in DCM and stirred in the presence of 

SiliaMetS® DMT as a metal scavenger. Subsequent filtration removed the solid supported 

scavenger and allowed pure 3B to be isolated via rotatory evaporation. Next, the trimethylsilyl 

protecting group was removed from 3B under basic methanolic conditions to yield 3C in >95 % 

yield. I found that failure to remove residual palladium and copper contamination from 3B would 

result in Glaser homocoupling of the terminal alkynes to prematurely form 3E. Next 3A, was 
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subjected to Sonogashira coupling conditions with the deprotected alkyne 3C to form M6 

(NPDI2Ac) in an adequate 60 % yield. Finally, the deprotected alkyne 3C was subjected to 

intentional Glaser homocoupling to give M7 (NPDI2Ac2) in a moderate 71 % yield. Product 

identification and purity were confirmed via MALDI MS, 13C NMR spectroscopy, 1H NMR 

spectroscopy, and EA. Structures were confirmed with SC-XRD. Full experimental details as well 

as tabulated spectral data can be found in Chapter 8.2.2.  

3.3 Structural Characterization of M5-M7 
3.3.1 DFT Predicted Geometry of M5-M7 
To confirm our chemical intuition that the acetylene linkers will decrease the dihedral angle 

between the adjacent PDI chromophores, the optimized geometries of M5-M7 were found via 

DFT analysis at the B3LYP/6-31G(d,p) level of theory utilizing Gaussian ’09 software84 and 
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Westgrid computational resources. The basis set used is common for organic conjugated 

compounds and has been used for geometry and electronic properties previously.22 The results of 

these calculations are shown in Figure 3.3 with the molecular plane of the PDI orthogonal to the 

viewing plane to highlight the dihedral angle between the PDI chromophores. The dihedral angle 

between the PDI chromophores was calculated to be 96°, 144° and 180° for M5-M7, respectively. 

These increasing dihedral angles confirm the are consistent with previous reports that the increased 

spacing between the individual chromophores reduces the steric interference and allows electronic 

stabilization to be more dominant.85 Delocalization is maximized with increased overlap of the Pz 

atomic orbitals therefore increasing the effect of electronic stabilization led to more coplanar 

structures. While these structures give a good idea of the optimal geometry, care should be taken 

to not over-interpret them. The structures were not modelled in condensed phases where solvent- 

or other adjacent molecule- interactions may be significant. Additionally, these structures are 

optimized, but give no indication of the freedom of rotation around the central bonds, so multiple 

rotamers are possible.86 

Figure 3.3 Geometry optimized chemical structures of the M5-M7 electron acceptors using DFT 
computational methods. The dihedral angles between the each of the two PDI chromophores are 
presented. 



38 
 

3.3.2 1H NMR Spectroscopic Analysis of M5-M7 
 

With the synthesis complete and hypothesis validated by DFT calculations, products M5-M7 were 

analyzed by 1H NMR spectroscopy. This series of molecules are all characterized as two 

symmetrically equivalent, monosubstituted, NPDI monomers and so all three products should have 

very similar spectra. However, the three spectra are significantly different in the aromatic region 

(>7.5 ppm), making 1H NMR spectroscopy a very useful tool for examining subtle changes in 

geometry (see Figure 3.4). Since the acetylene linker is neither strongly donating nor withdrawing 

due to an absence of substantial inductive or mesomeric effects, the dramatic shifts in the 1H NMR 

spectra must be due to geometric changes. First, M5 has two sharp singlets centered at 9.29 and 

9.11 ppm and a broader singlet 8.88 ppm as well as two doublets, one of which is broad at 8.01 

ppm and the other is sharp at 7.75 ppm. Next M6 has a doublet at 10.51 ppm, a broad singlet at 

9.38 ppm, two sharp singlets at 9.18 and 9.13 ppm, and a doublet at 8.91 ppm. Finally, M7 has a 

doublet at 10.24 ppm, a broad singlet at 9.20 ppm, overlapping sharp singlets at 9.08 and 9.07 ppm 

as well as a doublet at 9.02 ppm.  

Figure 3.4 Aromatic region of the 1H NMR spectra of A) M5, B) M6, C) M7. Resonances 
labelled D and E are dependent on the geometry of M5-M7. 1H NMR spectra were taken in dilute 
CDCl3 solution (10 mg/mL, ~ 10-3 M). 
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and therefore the signal shifts to 10.51 ppm. Finally, in M7, the electron withdrawing effect of the 

adjacent NPDI chromophore is reduced by the additional alkynyl linker and the proton is slightly 

shielded and appears at 10.24 ppm. 

Taken together, the shifts of these characteristic protons strongly indicate that the local 

environment of each proton is significantly different from M5-M7. This may be a result of 

geometric differences or due to molecular aggregation. Given the sharp resonances and the 

relatively dilute conditions (10 mg/mL, as compared to the measured solubility limit of >40 

mg/mL, see Chapter 3.5), aggregation effects are unlikely. Therefore the 1H NMR spectra show 

that the acetylene linkers are highly effective at spacing the PDI chromophores and reducing the 

strength of interactions cause either by proximity or through conjugative effects. 

3.4 Electronic and Optical Characterization of M5-M7 
3.4.1 Electrochemical analysis of M5-M7 
 

Having confirmed the identity of M5-M7 via 1H NMR spectroscopy and elucidated structural 

information based on the chemical shifts of analogous protons, the impact of the acetylene linkers 

on the electronic properties had to be determined. The electronic properties of M5-M7 were 

examined via cyclic voltammetry (see Figure 3.5).  

PDI based materials typically have highly characteristic reduction events and so it is appropriate 

to focus on the reductions of the three molecules. M5 has four reversible reductions, while M6 has 

three reversible reductions and M7 has only two reversible reductions. Initially one might expect 

all three molecules to have a profile like that of M7 because generally each non-equivalent PDI 

chromophore in a molecule can readily reduce in two one electron reduction events. Since each 
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M5-M7 are symmetric, through conjugated, NPDI based dimers, they should all reduce with two 

reduction events, each accounting for two electrons. Instead M5 has four events, separated into 

two main peaks, each containing a shoulder. This four-event pattern can be rationalized as a small 

modification of the expected pair of two electron events. After undergoing the first reduction, 

localized on a single PDI chromophore, the reduction potential of the second PDI chromophore is 

slightly impacted and, similarly, after the third reduction the reduction potential of the fourth 

reduction is slightly impacted. This has been observed for various PDI dimers previously.22,87  

Since the RedOx state of one chromophore impacts the RedOx potential of the second 

chromophore, there must be some form of electronic communication between the two halves of 

the PDI dimer M5. The source of the communication may be that the frontier molecular orbitals, 

especially the LUMO and LUMO + 1 are delocalized across the entire dimer (which has been 

implied computationally),22 or that the close proximity of the two chromophores makes a 

coulombic interaction significant.  

With this analysis, the different number of reduction events across M5-M7 becomes easily 

rationalized. M5, being a directly linked dimer has the strongest interactions between the two 

individual chromophores and the expected pair of two electron events becomes split into four 

single electron reductions. M6, being a dimer spaced slightly further apart than M5, has a two-

Figure 3.5 Cyclic voltammograms of A) M5, B) M6, C) M7. E1/2 of each resolved RedOx event 
is shown. Cyclic voltammetry was performed in DCM with TBAPF6 as supporting electrolyte. 
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electron reduction followed by two single electron reductions, leading to three reduction events 

overall. M7, being the most spaced dimer, has the expected profile of a pair of two electron 

reductions. Previously, a series of PDI dimers linked through bay-bay, bay-headland, and 

headland-headland positions has shown a similar effect where the most electronically connected 

pair shows four reductions, but reducing the electronic communication coalesces the reductions 

into two reductive events.88 

Overall, the resolution between the first two and second two reductions decreases as the PDI 

chromophores are spaced further apart. The reduced resolution can be rationalized as reduced 

electronic communication via extension of the linker, which may indicate free rotation around the 

linking acetylenes, or can be rationalized as weaker coulombic coupling due to solvent screening. 

3.4.2 Solution UV-Vis Absorption Characterization of M5-M7 
 

Since analysis of CV traces confirmed that the electronic behaviour of M6 and M7 is best 

described as like that of M5, but with reduced intramolecular electronic communication with 

increased linker length, an analysis of the optical properties should reveal predominantly geometric 

influence. Optical properties of M5-M7 were analyzed via a UV-Vis absorption and emission 

spectroscopy, both in dilute solution (see Figure 3.6). 

First, examining the absorption profiles in solutions reveals very dramatic differences between 

M5-M7. M5 has intense absorption only between 450 and 550 nm, defined peaks at 534, 498, and 

468 nm and decreasing absorption intensity with decreasing wavelength. This decay pattern is due 

to the coupling between the vibrational transitions within electronic energy levels and is commonly 

observed for well dissolved, or “isolated” PDI chromophores.8 For a discussion of the expected 

optical profiles for an oligomeric, aggregated, or “non-isolated” PDI see Chapter 11.2. 
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rise to hybrid intramolecular coupling. For a discussion of aggregate theory as well as how it 

specifically impacts PDI chromophores, see Chapter 12.2. 

M7 has moderate absorption between 300 and 350 nm as well as intense absorption between 450 

and 600 nm. M7 has defined peaks at 337, 434, 522, 556, nm and a shoulder at 585 nm. This 

profile is very similar to M6, though with a slight redshift of most of the peaks, likely due to the 

extended conjugation due to the additional acetylene linker. Additionally, the shoulder is less 

pronounced indicating that the J-type coupling is less strong in M7 than in M6. 

3.4.3 Solution UV-Vis Emission Characterization of M5-M7 
 

Next, looking at the emission profiles of M5-M7 in dilute solution (~10-5 M, see Figure 3.6). M5 

has broad emission with a maximum at 600 nm. M6 has a more resolved emission spectrum with 

peaks at 546 and 602 nm. M7 also has a resolved spectrum with peaks at 594 and 638 nm. 

Surprisingly, none of the three fluorescence spectra mirror their respective absorption spectrum. 

The lack of mirror symmetry indicates that there is some accessible state below the S1. The broad, 

featureless profile of M5 is indicative of a diffuse excitonic or charge-transfer state emission 

(discussed further in Chapter 6).  

The emission profiles of M6 and M7 are like the emission of a monomeric PDI chromophore (for 

a comparison to M1 see Figure 11.3 in Chapter 11.1) instead of mirroring the absorption profiles. 

The altered emission is likely a result of the H-coupling previously noted for these dimers. H-type 

aggregates are typically non-emissive which should make both M6 and M7 also non-emissive. 

Instead, M6 and M7 have profiles most akin to a monomeric PDI which could be either due to 

residual monomeric impurities (unlikely given the clean characterization of the materials, see 

Figure 3.4) or due to the rotational freedom of these molecules in solution. In the case where the 
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chromophores are orthogonal to each other, no coupling occurs, and monomeric type emission is 

therefore observed. 

3.4.4 Thin Film UV-Vis Absorption Characterization of M5-M7 
 

To determine if the above geometric differences indeed altered the self-assembly properties, thin 

films were spin cast from chloroform and examined via UV-Vis spectroscopy. In thin films spin 

cast from chloroform (see Figure 3.7), M5 has a broadened and slightly red shifted profile. The 

ratio of the 0-1 peak increases in intensity compare to the 0-0 peaknand a small, low energy 

shoulder appears. These features are consistent with both H- and J- coupling and likely results 

from the oblique arrangement that was previously observed in its crystal structure.22  

The thin film absorption of M6 has a much-broadened profile and the low energy shoulder has 

become the dominant transition with a peak at 615 nm. This changes in the profile are consistent 

with increased J-type coupling in the solid state. 

In contrast, thin films of M7 have a broadened profile and the peak at 559 nm becomes the 

dominant peak. These changes show increased H coupling in the solid state. It is interesting to note 

that the simple structural evolution (planarizing a dimer) has led to unexpectedly complex 

chromophore coupling behaviour. M5 being directly linked shows both H and J aggregation in the 

Figure 3.7 UV-Vis-NearIR absorption (solid) and emission (dashed) spectra of A) M5, B) M6, 
C) M7 thin films as cast from 10 mg/mL chloroform solutions. 
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solid state, but M6 clearly shows an increase in J coupling, and M7 shows an increase in H 

coupling. 

3.4.5 Thin Film UV-Vis Emission Characterization of M5-M7 
 

The emission of M5-M7 in thin films confirms the coupling that was observed in the absorbance 

spectra (see Figure 3.5).  H aggregates are expected to have a much larger Stokes shift than J 

aggregates. The stokes shifts for M5-M7 are 0.36, 0.097, and 0.32 eV respectively. This confirms 

that M6 has a much stronger J aggregate character than either M5 or M7 as it has the smallest 

Stokes shift. 

 

3.5 Solubility and Aggregation Studies of M5-M7 
 

Having seen that the optical properties of M5-M7 are substantially different depending on the 

species and environment (solution or thin film) but first it had to be determined if these effects 

were due to differences in aggregation or solubility. First, solubility was determined via serial 

dilution of filtered solutions of M5- M7 with nominal concentrations of 50 mg/mL in CHCl3. The 

solubility of M5 and M6 was found to exceed 50 mg/mL, and M7 was determined to have a 

solubility of ~43 mg/mL. Each of M5-M7 are sufficiently soluble for organic electronics (typically 

requiring films with 50-200 nm thickness, and therefore solutions 10-20 mg/mL for spin casting). 

However, reducing the dihedral angle does slightly decrease the solubility of this series. 

To probe differences more thoroughly in solubility and self-assembly, solutions of M5-M7 in 

chloroform were titrated with methanol aliquots to induce aggregation. Methanol was chosen as a 

counter solvent since none of M5-M7 are soluble in methanol. Dilution was accounted for by 

normalizing the absorbances by the dilution factor. Methanol was added up to a 50% concentration 
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(total addition of 1 mL) or when no further changes were observed (see Figure 3.8). Upon dilution 

of a solution of M5 in chloroform with methanol, no changes are observed up to a 50% 

concentration. The absence of changes to the UV-Vis spectrum further demonstrates the solubility 

of M5 in CHCl3. 

Upon dilution of a solution of M6 in chloroform with methanol, substantial changes are observed. 

The peaks at 505, 540 and 585 nm decrease in intensity, a new band appears at 610 nm and there 

are four isosbestic points at 340, 425, 455, and 598 nm. The presence of several isosbestic points 

indicates that this is likely a single-species to single-species transformation. In this case, a 

molecule to J-dominant aggregate transformation. 

Upon dilution of M7 in chloroform with methanol, significant changes are observed. The peaks at 

520, 555, and 580 decrease in intensity, leading to a net blue shift in the absorption. No obvious 

isosbestic points are observed. Overall, this indicates H aggregate formation. 

Comparing M5-M7 shows a strong dependence of the self-assembly behaviour on the dihedreal 

angle between the chromophores and therefore on the number of acetylene linkers present in the 

structures. M5 is most soluble and exhibits no aggregation in the presence of up to 50% methanol. 

M6 is second most soluble and shows increased J-aggregation in the presence of methanol or in 

Figure 3.8 UV-Vis-NearIR absorption spectra of A) M5, B) M6, C) M7 in 1 mL dilute 
chloroform (~10-5 M) with methanol added in 0.1 mL increments until no further changes were 
observed or 1 mL total methanol was added. 
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thin films. M7 is the least soluble and shows increased H-aggregation in the presence of methanol 

or in thin films. 

3.6 Photovoltaic Devices Based on M5-M7 
 

Given the similar electronics but substantially altered optical and physical properties of M5, M6 

and M7, I wished to see if the altered self-assembly had an impact on the performance in OPV 

devices. Therefore M5-M7 were paired with PTB7-Th and fabricated into photovoltaic devices 

using conditions and architecture that had previously been optimized for M5.22 Overall, the 

performance was decreased from a PCE of 5.23 % for M5 to 1.03 and 1.10 % for M6 and M7 

respectively. To determine the source of the decreased efficiency, the active layers were examined 

by atomic force microscopy (AFM). 

Progressing from M5 to M7, a clear trend of increased fibular size is observed (see Figure 3.9). 

The increased domain size in M6 and M7 is likely a result of the decreased solubility and increased 

aggregation as observed above. Unfortunately, the greater phase separation implied by the 

increased grain size is ultimately detrimental to device performance. 

 

Figure 3.9 AFM height micrographs of films of PTB7-Th (donor polymer) blended 1:1 with A) M5, 
B) M6, C) M7. Films were processed from CHCl3 solution under ambient conditions. All films as-
cast. Device architecture used was ITO/Zno/BHJ/MoOx/Ag. 
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4. Chapter 4: Internal Dyes to Modify the Opto-Electronic Properties of Perylene 
Diimide Dimers 

4.1 Overview of Chapter 
 

This chapter is written based on Cann, J. R.; Cabanetos, C.; Welch, G. C. Spectroscopic 

Engineering toward Near-Infrared Absorption of Materials Containing Perylene Diimide. 

ChemPlusChem 2017, 82 (11), 1359–1364. https://doi.org/10.1002/cplu.201700502.Figures are 

modified with permission. Full permissions can be obtained in Chapter 11.3. Jonathan Cann 

would like to thank Seth McAfee for his role in synthesizing and characterizing S9 as discussed in 

Chapter 4.5. 

 

ADA compounds have been shown to be extremely effective non-fullerene acceptors in OPVs for 

two main reasons. First, the band gap (in DA or ADA chromophores) is readily tuned by modifying 

either the donor or the acceptor moiety.92,93 Second, ADA compounds have been shown to have 

their LUMO mainly localized on the acceptors which are situated on the periphery of the molecule. 

After excitation, the electron is then localized toward the outside of the aromatic system which is 

proposed to increase the rate of electron transport.94 This chapter describes the incorporation of 

electron rich dyes in the middle of M7 to create new ADA type molecules to tune the band gap 

and FMO distribution. M7 was chosen as base dimer because the acetylene linkers should 

maximize planarity, as shown in Chapter 3. Diketopyrrolopyrrole-thiophene (DPPTh), 

diketopyrrolopyrrole-pyridine (DPPPyr), and thienoisoindigo (TII) dyes were chosen as the central 

component. This series was chosen to probe the role of the electronic properties of the central dye. 

DPPTh is a well known and high performing P type semiconductor in OFETS95 and OPVs.96,97 

DPPPyr was chosen as it is structurally similar to DPPTh, but exchanging the thiophene for a 

pyridine stabilizes the FMOs (i.e. is less electron rich).98 TII was chosen as another high 
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performing P type semiconductor especially known for having a narrow band gap.99–101 The dyes 

were installed via Sonogashira chemistry and analyzed with MALDI MS, 13C NMR spectroscopy, 

1H NMR spectroscopy, and EA. 

Analysis of the 1H NMR spectra found that characteristic protons on the PDI chromophore are 

sensitive to the electronic nature of the central dye. Analysis of the CV traces found that the 

reductions are dominated by the properties of the PDI chromophore, while the oxidations are 

dominated by the internal dye. Further analysis of the UV-Vis absorption profiles found that while 

each molecule has contributions to its absorption profile from the individual chromophore, each 

also has a lower energy donor-acceptor charge transfer band. The intensity and center of the band 

were both strongly dependent on the donating ability of the central dye. Further analysis by SEC 

confirmed this as a delocalized charge transfer transition as the low energy transition is quenched 

on either reduction or oxidation. In contrast, bands attributed to the localized PDI absorption are 

unchanged upon oxidation, and bands attributed to the internal dye absorption are unchanged upon 

reduction. Overall, these materials have three available coloured RedOx states; neutral is purple, 

reduced is blue, and oxidized is red. 

4.2 Synthesis of M8-M10 
 

The synthesis of the three molecules starts from the previously synthesized NPDI-Ac, 3A which 

is coupled with brominated DPPPyr, DPPTh, or TII via Sonogashira coupling to give M8-M10, 

respectively (see Figure 4.1). The brominated dyes were synthesized according to literature 

procedure.102 M8 had the lowest yield, 26 % due to the difficult isolation of the poorly soluble 

product. Product identification and purity were confirmed via MALDI mass spectrometry, 13C 

NMR spectroscopy, 1H NMR spectroscopy, and EA. Structures were confirmed with SC-XRD. 

Full experimental details as well as tabulated spectral data can be found in Chapter 8.2.2. 
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4.3 Structural Characterization of M8-M10 Via 1H NMR Spectroscopy 
 

The 1H NMR spectra of the three targets are complicated and difficult to unambiguously assign 

due to the broad overlapping peaks in the characteristic aromatic region, especially for M10. There 

are, however, some highly characteristic peaks due to the PDI endcaps that appear in all three 

spectra which are shifted from across each species. First, examining the resonance labelled A in 

Figure 4.2. This proton has previously been attributed to the remaining unfunctionalized bay 

position on the PDI endcap. The resonance appears at 10.30, 9.92 and 9.81 ppm in M8, M9, and 

M10, respectively. In Chapter 3 I had attributed the shifting in this proton’s resonance to the 

interaction with an adjacent aromatic system’s magnetic field. In this series, the aromatic groups 

are separated from the PDI chromophore by an acetylene spacer and the geometries are therefore 

similar. Thus, the change in the resonance must be due to the changes in the electronic nature of 

the central dye. The proton becomes more shielded from M8 to M10 indicating conjugation with 

increasingly electron rich systems.  

Figure 4.1 Synthetic route toward M8-M10. 
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Second, examining the resonances labelled B in Figure 4.2. This proton is attributed to the imide 

N-CH protons. These protons are very similar but chemically inequivalent due to the proximity to 

the acetylene linker. In M8, the peaks are separated by only 0.009 ppm and appear as a single 

multiplet. In M9 and M10 these peaks are separated by 0.077 and 0.097 ppm, respectively and 

clearly resolve into two multiplets. Since the central dye has a larger impact on the electronic 

nature of the proximal imide, that peak is shielded more strongly from M8 to M10. 

Finally, examining the resonance labelled C in Figure 4.2. This resonance is attributed to the 

pyrrolic NCH2 protons. This resonance shifts from 4.96 ppm in M8 to 4.82 in M9 and 4.78 in 

M10. This is the same pattern that was observed for proton A and is rationalized similarly. As the 

central dye is switched from DPPPyr to DPPTh and finally to TII, the electron donating strength 

increases and therefore the protons are more highly shielded. 

Figure 4.2 1H NMR spectra of M8 (green), M9 (blue) and M10 (purple) with resonances easily 
assigned to the PDIN endcaps highlighted with their chemical shift shown. 1H NMR spectra were 
taken in dilute CDCl3 solution (10 mg/mL, ~ 10-3 M). 
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Overall, a close examination of the 1H NMR spectra of M8, M9, and M10 indicates that the 

electronic properties of the PDI dimer is highly sensitive to the nature of the core dye. Additionally, 

the electron donating ability of the core dyes can be directly compared by 1H NMR spectroscopy 

by examining the chemical shift of selected protons A or C as well as examining the size of the 

gap between peaks B. 

4.4 Electronic and Optical Characterization of M8-M10 
 

4.4.1 Electrochemical Analysis of M8-M10 
 

To directly measure the impact of the relatively electron donating core on the electronic properties, 

the electrochemical properties of M8, M9, and M10 were analyzed and compared via CV (see 

Figure 4.3).  

M8 has three reversible reductions at -1.20, -1.45, and -1.67 V. The first two are attributed to the 

PDI chromophore and are most likely four poorly resolved single reduction events. The reduction 

with E1/2 = -1.45 is clearly broader than the others, showing that it likely involves multiple 

electrons. The final reduction at -1.67 is attributed to the DPPTh core as a CV of just the core has 

this event.103 Oxidatively, M8 has three reversible oxidation events at 0.48, 0.68 and 0.84 V, all of 

which are attributed to the DPPTh core. 

M9 has four reversible reductions at -1.20, -1.34, -1.47, and -1.58 V (vs Fc/Fc+). All of 

these reductions are attributed to one electron reductions of the PDI endcaps. Surprisingly, these 

appear to be resolved as single reduction events (similar to M5 in Chapter 3) rather than as a pair 

of two electron events (similar to M7 in Chapter 3). Oxidatively, the behaviour is much simpler, 

with only a single reversible oxidation at 0.80 V which is attributed to the DPPPyr core. The 

oxidation of the NPDI endcaps was not recorded as it reduced the reversibility of the CV trace.  
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M10 has four reversible reductions at -1.23, -1.38, -1.57, and -1.67 V. The first two are attributed 

to the NPDI endcaps and the latter two to the TII core based on their relative intensity. Oxidatively, 

M10 has three reversible oxidations at 0.44, 0.69, and 0.88 V, again all of which are attributed to 

the TII core. 

Overall, since the initial reductions are approximately the same position, -1.20, -1.20 and -1.23 V 

in M8, M9, and M10 respectively, the LUMO is predominantly PDI based. The more negative 

reductions can be based on either the PDI or the internal dye but seem to be unchanged from their 

parent chromophores. The oxidations change dramatically from M8 to M10 and are therefore 

attributed to the internal dyes. The trend observed in the 1H NMR spectra is also validated by the 

CV analysis. The first oxidative wave comes at 0.80, 0.48 and 0.44 V in M8, M9 and M10 

respectively, confirming that M10 is the most donating core (i.e., has the most destabilized 

HOMO) and M8 the least (i.e., has the most stabilized HOMO). From this we can expect M10 to 

have the narrowest band gap (lowest energy of absorption onset) and M8 the widest band gap 

(highest energy of absorption onset). 

 

Figure 4.3 Cyclic voltammograms of A) M8 (green), B) M9 (blue) and C) M10 (purple) with the 
E1/2 of the first reductive and oxidative events shown on the graph. Cyclic voltammetry was 
performed in DCM with TBAPF6 as supporting electrolyte. 
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zwitterionic species with a NPDI anion and a DPPPyr cation. DPPPyr was observed to be the weakest 

donor by both CV and 1H NMR spectroscopy. and therefore, this charge transfer band is weak. 

The existence of the band validates the assumption that the NPDI and core dye are in electronically 

communicating. The definite electronic communication suggests minimal twisting between the 

chromophores. 

In dilute solution, M10 has panchromatic absorption, with significant absorption from 300-900 

nm. This can be divided into three sections, high energy (300-450 nm), medium energy (450-600 

nm) and low energy (600-900 nm). The high energy absorption is attributed to localized transitions 

within the acetylene linkers, as discussed in Chapter 3. The medium energy absorption is 

attributed to the localized transitions within the PDI chromophore, and the low energy absorption 

is attributed to the intramolecular charge transfer band. This charge transfer band is red shifted 

compared to either M8 or M9 due to TII being the strongest donor.  

4.4.3 Spectroelectrochemical Analysis of M8-M10 
 

All molecules had reductions characteristic of the NPDI endcaps and oxidations characteristic of 

the central dye, as well as having spectral response characteristic both of typical NPDI absorption 

and a CT band. To further confirm the assignment of the first oxidation and reduction as well as 

the CT nature of the low energy band the spectral response of M8-M10 under oxidative and 

reductive conditions via SEC was studied. Since the molecules have a such distinct RedOx 

behaviour and UV-Vis spectra, it is expected for this series to have high colour responsiveness to 

reductive or oxidative conditions. Highly colour responsive materials, know as electrochromic 

materials are valuable in displays or tinting applications.104 Therefore, solutions of M8, M9 and 

M10 were exposed to potentials of ±1.1 V (vs. Ag/Ag+ ~ + 0.6, - 1.6 V vs. Fc/Fc+) in a SEC cell 

to observe the response. 
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First, examining the oxidation of M8-M10 at 1.1 V vs Ag/Ag+ in DCM (see Figure 4.5). Upon 

oxidation there are only relatively small changes to the UV-Vis spectrum of M8. The intensity of 

the localized PDI absorption (450-550 nm) decreases slightly and the charge transfer band at 600 

nm disappears. These changes are readily explained by an oxidation localized at the central core 

dye. Upon oxidation, an electron is removed from the HOMO which resides on the DPPPyr core 

and the charge transfer band disappears. Since the NPDI endcaps are unchanged, the absorption 

between 450 and 550 nm is largely unchanged. Small changes can be attributed to the core DPPPyr 

oxidation altering the localized transitions in the DPPPyr. 

 Upon oxidation there are only relatively small changes to the UV-Vis spectrum of M9. The 

intensity of the localized NPDI absorption (450-550 nm) decreases slightly and the charge transfer 

band at 600-700 nm decreases. Since the NPDI endcaps are unchanged, the absorption between 

450 and 550 nm is largely unchanged. Small changes can be attributed to the core DPPTh oxidation 

altering the localized transitions in the DPPTh. 

Upon oxidation there are only relatively small changes to the UV-Vis spectrum of M10. The 

intensity of the localized NPDI absorption (450-550 nm) decreases slightly and the charge transfer 

band at 600-850 nm disappears. Since the PDI endcaps are unchanged, the absorption between 450 

Figure 4.5 SEC spectra evolution of A) M8 (green), B) M9 (blue) and C) M10 (purple) at an 
oxidative potential of 1100 mV (Vs. Ag/Ag+). These traces show the evolution from the neutral 
(red) to oxidized (blue) states. Spectra were obtained in dilute DCM solution (~10-4 M) with 
TBAPF6 as supporting electrolyte. 
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reduction localized at the NPDI endcaps leading to a decrease in intensity broadly below 600 nm 

due to the lack of a neutral NPDI transition as well as the decreased charge transfer band. The fine 

structure that is evolved above 600 nm is again attributed to a NPDI radical anion, and the peak 

positions are similar to those of M8, further implying the localized reduction. 

Upon reduction there are dramatic changes to the profile to M10. The absorption broadly decreases 

from 300-600 nm as well as from 690-825nm with an increased absorption from 600-690 and 

above 825 nm. The decrease absorption in the is attributed to a decrease in the NPDI transitions in 

the high energy region (300-600 nm) and to a decrease in the charge transfer band from 600-690 

nm. The fine structure in the low energy region is again attributed to the NPDI radical anion. The 

less distinct peaks when compared to M8 or M9 are likely due to the absorption of the NPDI 

radical anion overlapping with the charge transfer band from the residual neutral species. 

Overall, all three molecules have a similar response to oxidation or reduction (see Figure 4.7 for 

proposed structures with localized charges and corresponding UV-Vis-NearIR absorption spectra). 

Figure 4.7 Proposed structures with localization of anion and cation shown and corresponding 
UV-Vis-NearIR absorption spectra of M8 in its A) oxidized, B) neutral, and C) reduced states. 
Spectra were obtained in dilute DCM solution (~10-4 M) with TBAPF6 as supporting electrolyte. 
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Upon oxidation, the charge transfer band disappears, and the absorption profile is otherwise mainly 

unchanged. Upon reduction, the NPDI based absorption decreases along with the charge transfer 

band while peaks indicative of a NPDI based radical anion appear in the low energy region. In all 

cases the transformation is incomplete due to the limitations of the experimental setup where the 

reduced or oxidized species are able to diffuse away, and the neutral species is able to diffuse into 

the window. Optically, each of M8, M9, and M10 are purple in their neutral state, red when 

oxidized, and blue when reduced.  

4.5 Comparison Between M8 and S9 
 

Having explored the impact of the central core dye on the optical and electronic properties of a 

dimeric PDI system, it is important to now examine the impact of the chosen linker, in this case 

acetylene. Seth McAfee had previously synthesized S9,105 an analogue of M8, but excluding the 

acetylene linker (Figure 4.8). 

 Initially, to compare the electrochemical properties, the CV traces of M8 and S9 were compared 

(see Figure 4.9). In S9, the reductions occur at E1/2= -1.26, -1.51 and -1.89 V (vs Fc/Fc+) compared 

Figure 4.8 Structures of the coplanar M8 and its twisted analogue S9. 
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well as the presence to acetylene linkers. Electrochemical experiments showed that the LUMO 

was largely unaffected and localized on the acceptor endcaps while the HOMO was entirely 

dependent on the donor core. Each of the series showed a significant D-A type absorption 

broadening the absorption window compared to the individual components. Comparing the M8 to 

S9, where M8 is ADA with acetylene spacers and S9 is the same structure with acetylenes omitted, 

it becomes clear that the acetylene spacers are crucial to enable the D-A absorption. Finally, SEC 

experiments showed that this design has potential for three state electrochromic applications. In 

the neutral state, all compounds are purple. On reduction, each turns the sky-blue characteristic of 

the NPDI radical anion and upon oxidation each turns red, characteristic of the neutral NPDI. The 

purity of colour of the reduced and oxidized states is promoted by the disappearance of the D-A 

absorption on either reduction or oxidation. 

These materials represent a novel extension of organic electrochromics. Typically, an 

electrochromic material will have two states, one colourless and one coloured.106,107 This is most 

often required for direct consumer applications such as tinting windows or displays. However, 

each of M8-M10 has three stable states. These small molecules with a stable +, - and neutral state 

could open a direct route for ternary-based computing which may be more energy efficient than 

conventional binary computing.108 
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5. Chapter 5: Molecular Dyads and Triads based on NPDI and Molecular Donors 
5.1 Overview of Chapter 
 

This chapter is written based on Cann, J. R.; Cabanetos, C.; Welch, G. C. Synthesis of Molecular 

Dyads and Triads Based Upon N-Annulated Perylene Diimide Monomers and Dimers. European 

Journal of Organic Chemistry 2018, 2018 (48), 6933–6943. 

https://doi.org/10.1002/ejoc.201801383. Figures are modified with permission. Full permissions 

can be obtained in Chapter 11.4.  

PDIs have found use in small molecule and polymer-based dyads and triads. Dyads and Triads are 

defined by having two (or more) aromatic systems that are physically bound but are not in direct 

electronic communication.109–115 Typically, these are constructed by connecting two electronic 

systems with an aliphatic linker. Depending on the precise nature of the aromatic systems different 

photophysical behaviour is observed. The two types of behaviour observed are Forster resonance 

energy transfer (FRET) and photoexcited electron transfer (PET). Systems that exhibit FRET have 

been used in various applications such as fundamental studies109 and fluorescence sensing.112 

Systems that exhibit PET have been used for charge transfer studies110,111, single component 

OPVs,116–119 and, when one of the electronic systems contains a metal center, photocatalysis.120  

PDI is often chosen as one of the components because of its strong visible light absorption, high 

fluorescence quantum yield, or low-lying frontier molecular orbitals.6,7,9,10 As such it has been 

used in fundamental studied for both FRET121 and PET,122,123 as well as more practical applications 

such as water photooxidation,124 fluorescence sensing,125 single component OPVs126,127 and 

molecular logics.128 Most PDI derivatives used in dyads and triads functionalize the PDI at the 

imide position.121,122,124–127,129–134 However, functionalization at the imides (especially 

asymmetrically) is challenging. In contrast, functionalizing the pyrrolic nitrogen on NPDI with an 
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alkyl chain is facile. Therefore, a series of dyads and triads based on NPDI was designed. In this 

series, several aspects were chosen to be specifically probed. First, we wished to see if the 

photophysical behaviour was changed based on the stoichiometry of the aromatic systems. Second, 

while keeping the PDI the same, we wished to see if what the role of the electron richness (i.e., 

HOMO level) on the appended aromatic system was on the photophysical behaviour. Therefore, 

the following series was designed (see Figure 5.1). M11 has a single phenothiazine tethered to a 

single NPDI, M12 has a single phenothiazine tethered to an NPDI dimer, and M13 has two 

phenothiazines tethered to an NPDI dimer. Overall M11-M13 examines a PDI: carbazole system 

with a 1:1, 1:2 and 2:2 stoichiometric ratio. Next, M14 has two carbazoles tethered to an NPDI 

dimer, and M15 has two triphenylamine-thiophenes tethered to an NPDI dimer. Overall M13-M15 

Figure 5.1 Design motifs of M11-M15 to explore the effect of stoichiometry (M11-M13) and 
donor strength and size (M14-M15) on the photophysical behaviour of dyads and triads. 
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examines the role of the tethered donor. Phenothiazine and carbazole are similar size, but carbazole 

has higher lying FMOs. Phenothiazine and triphenylamine thiophene have a similar HOMO level, 

but triphenylamine-thiophene is much larger. 

1.3 Synthesis of M11-M15 

First the donors were synthesized according to literature procedure using standard alkylating or 

aryl coupling procedures to give 5A-5C. Next to synthesize an alkyl azide modified NPDI (5E), 

2A was alkylated with a large excess of 1,6-dibromohexane thereby preventing the formation of 

an alkyl-linked dimer. Using previously established HNPDI alkylation conditions22 with 

temperatures of 120 °C 5D was formed, but a significant amount of alkene terminated side-

product, a result of Br-elimination, was observed and proved difficult to separate. Lowering the 

temperature from 120 °C to 60 °C prevented the formation of the alkene side-product and gave 5D 

in yields of 70% (see Figure 5.2).  

The reaction of compound 5D with excess NaN3 yielded the azide functionalized compound 5E in 

yields up to 95%.  5B was coupled via copper catalyzed alkyne azide “click” chemistry to 5E to 

give the mono-phenothiazine mono PDIN dyad, M11.  

Figure 5.2 Synthetic route toward M11, M11-M15. 
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Next, 5B was coupled to 5F via click chemistry to give the brominated analogue of M11, 5G. To 

synthesize M12, two routes were explored (see Figure 5.3). First was a Negishi-type coupling 

with 3A, which gave a statistical mixture of dimeric products, yielding the desired M12 in 49% 

yield. A directed method was also attempted. 3A was stannylated with bistributyltin to give 5H. 

Crude 5H was then reacted with 5G to give M12 with an overall yield of 45%. Ultimately, due to 

the higher yield, more benign by products and fewer synthetic steps, the direct Negishi-type was a 

more effective synthesis than the more selective Stille route. 

Finally, all of M13-M15 were synthesized with the same process. First the appropriate donor was 

reacted with 5F to give the 5I and 5J in 77 and 98% yield, respectively. Finally, 5I, 5G, and 5J 

were then dimerized under Negishi type conditions to give M13-M15 in moderate yields (see 

Figure 5.2). The yields for the Negishi are lower than might otherwise be expected due to difficulty 

purifying via column chromatography. 

 

Figure 5.3 Synthetic route toward M12. 






































































































































































































































































