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Abstract 

Excited State Dynamics of Non-Fullerene Acceptors Towards Solar Energy Conversion 

Applications: Multi-Chromophore Rylenediimide Arrays and Beyond 

Joaquin Miguel Alzola 

Recent developments in research concerning organic photovoltaics (OPVs) have overseen 

massive increases in device performance and the ascension of electron acceptor materials that 

outclass the preeminent acceptor compounds, buckminsterfullerene (C60) derivatives. New design 

strategies in the molecular structure of perylenediimides (PDIs) and fused-ring electron acceptors 

(FREAs) have increased single-junction photovoltaic efficiencies to values greater than 17%. 

 This dissertation investigates the excited-state dynamics of various molecular electron 

acceptors and how chemical structure modifications influence these. Recent advances in the design 

of perylenediimide acceptors has demonstrated high efficiencies in molecular structures 

incorporating several PDI chromophores with highly twisted geometries and extended π-

conjugation. Headland substitution on the PDI core gives consistently higher device performance 

than does equivalent bay-substitution. Model compounds with this substitution pattern (o-PDI2, 

m-PDI2, p-PDI2) show enhanced intersystem crossing and in the case of o-PDI2, symmetry-

breaking charge separation. 

 PDIs are also capable of enhanced charge delocalization. In a model triad with two PDIs 

oriented cofacially to one another, photoinduced electron transfer is increased by a factor of 50% 

compared to a single PDI unit. This effect is limited to two PDIs, however, as no additional rate 

increased is observed in the three-PDI compound ZnTPP2-PDI3, owing to weak electronic 

coupling across all three PDIs. Regardless, PDIs can efficiently delocalize electrons in a 

conjugated motif that exhibits high solar cell performance, as demonstrated by the blending of 
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Ph(PDI)3 with two donor polymers. The highly fluorinated polymer PBDTTF-FTTE paired with 

this molecule boasts a power conversion efficiency (PCE) of 9.1% through increased phase 

separation and reduced bimolecular recombination compared to blends using the fluorine-poor 

polymer PBDTT-FTTE. 

 More recently designed chromophores of the ITIC and Y6 families of molecules exhibit 

strong photovoltaic responses exceeding 17%. π-extension and fluorination of both sets of 

molecules enhance their efficiency in devices. ITN-F4 and ITzN-F4 undergo efficient charge 

separation despite the formation of an excimer state, while BT-BO-L4F and BT-LIC have 

enhanced charge transport properties that manifest in accelerated recombination when an external 

bias is not present. The same is true when blends containing Y6 are thermally annealed, despite 

this process increasing overall PCE. 
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to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. NIR 

spectra scaled by a factor of two for emphasis. ............................................................................ 78 
Figure 2.22. A) nsTA spectra of PDI-Ph in CH2Cl2 following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 79 

Figure 2.23. A) nsTA spectra of PDI-Ph in toluene following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 80 
Figure 2.24. A) nsTA spectra of p-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 81 
Figure 2.25. A) nsTA spectra of p-PDI2 in toluene following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 82 
Figure 2.26. A) nsTA spectra of m-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 83 

Figure 2.27. A) nsTA spectra of m-PDI2 in toluene following 414 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 84 
Figure 2.28. A) nsTA spectra of o-PDI2 in CH2Cl2 following 430 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 

C) Evolution-associated spectra. D) Model population kinetics, distribution of species in time. 85 
Figure 2.29. A) nsTA spectra of o-PDI2 in toluene following 430 nm excitation. B) Kinetics fits 

to the raw data at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. 
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1.1. Background: An Introduction to Organic Photovoltaics 

 The increasing urgency of the climate crisis and reliance on fossil fuels coupled with 

increasing energy needs has spurred research and development of alternative energy technologies, 

that are environmentally friendly and do not rely on limited fuel and natural gas reserves.1, 2 

Alternative energy technologies broadly refers to various energy sources, such as solar, wind, 

hydrothermal, and nuclear energy. Solar energy generation is of particular interest given the raw 

energy output from the sun that reaches the Earth’s surface, with energy harvesting capabilities 

increasing by hundreds of gigawatts in the US yearly.3 Models that incorporate the available land 

area for energy conversion have demonstrated that energy from solar photovoltaic cells is projected 

to be instrumental in satisfying future energy demands.3, 4 Continued research into these 

technologies paired with development initiatives has sharply reduced the average cost per kWh of 

energy derived from solar photovoltaics.5-8 As a result, research into these technologies is poised 

to drive a revolution into energy dependences on a global scale. 

 While traditional solar photovoltaic technology employs inorganic semiconductor 

materials such as silicon or gallium arsenide (GaAs), among others, there has also been significant 

research into photovoltaic technology employing organic compounds as the charge generation 

material. Organic solar cells (OSCs) are of significant interest as photovoltaic materials owing to 

their low cost, solution processability, and mechanical flexibility. OSCs operate through a different 

mechanism than those based on inorganic semiconductors. In traditional photovoltaic cells, an 

electron is promoted from the valence band to the conduction band through photoexcitation, 

forming two charge carriers, one negative (electron) and one positive (hole) (Figure 1.1A). These 

charge carriers are weakly bound to one another and constitute a Wannier-Mott exciton. The 

component electron and hole then separate and diffuse to the device electrodes to be collected as 
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current, driven by the field gradient of the material. In contrast, organic materials have a low 

inherent dielectric constant (~3-4), which is unfavorable for charge generation.9 In this 

environment, the Coulombic interaction between electron and hole is strong, resulting in large 

exciton binding energies of the electron-hole pair on the order of hundreds of meV, also known as 

a Frenkel exciton.10  

 

To overcome this energetic penalty, OSC active layers are composed of two materials, a p-

type electron donor and an n-type electron acceptor, combined to form a heterojunction (Figure 

1.1B). In this type of system, photoexcited excitons migrate to a contact site of the two materials, 

at which point the energetic offset between the two materials provides a driving force to permit 

dissociation of the exciton into its component electron and hole as free charge carriers. Many years 

of experimentation have consistently determined that the optimal active layer composition is that 

of a bulk heterojunction (BHJ). In a BHJ, the two materials are blended through a process such as 

spin-coating to form interpenetrating domains of donor and acceptor materials that are similar in 

size to the average exciton diffusion distance (~10 nm, Figure 1.2A).11, 12 This blending of 

Figure 1.1. A. Schematic of charge generation in an inorganic semiconductor following light absorption. B. 

Schematic of charge generation in an organic heterojunction following light absorption. 
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materials permits exciton migration while reducing the probability of two free carriers 

encountering one another and recombining back to the electronic ground state, a process known 

as recombination and a persistent issue in the study of other morphologies such as bilayers. 

 

Power conversion efficiency (PCE) is defined as the ratio of the maximum amount of 

power that can be extracted from a solar cell to the incident power on the cell. The incident power 

on the cell is generally defined as 1 sun or 1.5 AMG. PCE is considered the key metric for 

evaluating the viability of photovoltaics cells and is dependent on three parameters: the fill factor 

(FF), open-circuit voltage (Voc) and short-circuit current (Jsc) (Figure 1.2B). FF is influenced by 

electrical resistance in the active layer that impedes current flow, and balanced charge mobilities 

are generally associated with a high FF. Voc is governed by the by the difference in th frontier 

molecular orbital energies of the two materials, and Jsc is strongly dependent on the amount of 

light absorbed by the active layer. Careful optimization of many variables is essential to balancing 

these paramters against one another, as Voc can be increased by raising the energy levels of the 

Figure 1.2: A. Schematic of a bulk heterojunction (BHJ) morphology. B. The J-V curve used to characterize 

photovoltaic devices. The power conversion efficiency (PCE) of a device is the power produced at the maximum 

power point (P
max

) divided by the incident power on the device (P
Incident

). P
max

 is the product of the open-circuit 

voltage (V
OC

), the short-circuit current (J
SC

), and the fill-factor (FF). 
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materials, but this translates into a larger optical bandgap, implying a smaller range of light 

absorption and thus a lower Jsc. Careful experimentation over decades has resulted in power 

conversion efficiencies (PCEs) exceeding of over 17%, demonstrating the utility of organic 

semiconductor molecules as photovoltaic materials.13 

1.2. Design Strategies for Perylenediimide Nonfullerene Acceptors 

 For decades, the highest efficiency active layer composition was a BHJ made up of a 

conjugated polymer as the donor material and a derivative of buckminsterfullerene (C60) as the 

acceptor material. Despite the initial investigation of a perylenediimide dye as the very first 

acceptor material in an organic photovoltaic cell, early device efficiencies consistently fell behind 

those of fullerenes.14 Employing unsubstituted perylenediimide as an electron accepting material 

in a solar cell yielded PCEs of < 5%, far less than what fullerenes have been capable of.15-17 

However, perylenediimides are noted for their large molecular extinction coefficients, synthetic 

versatility, and photochemical stability, all properties that fullerenes lack.18, 19 Perylenediimides 

are planar molecules and are electronically coupled in only one dimension whereas the spherical 

structure of fullerenes enables delocalization of electrons and electronic coupling in three 

directions.20 The molecular structure of perylenediimides also makes them susceptible to 

aggregation through strong π- π interactions which can result in large crystalline domains as well 

as facilitate the formation of electronic trap states that favor geminate recombination of unbound 

holes and electrons. Nevertheless, significant research advancements have overcome these 

limitations and boosted PCE of perylenediimide-derived OSCs to equal and in some cases exceed 

those of fullerenes.21, 22  

Research by Hartnett et al. showcased a successful design strategy for perylenediimides 

that strategically suppressed excimer formation and boosted PCEs through formation of a slip-
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stacked geometry that favored charge generation over excimer formation.23 Further research has 

showed that the most consistently effective strategy to improve PCEs of perylenediimide solar 

cells is the extension of the conjugated surface of the aromatic core through ring-fusion, which has 

been shown to enhance electron delocalization and increase donor-acceptor domain purity.24, 25 

This strategy generally incorporates multiple rylene units into one molecule, which also forces 

each chromophore to adopt an out-of-plane geometry that suppresses the formation of a large 

crystalline microstructure and disrupts noncovalent interactions between molecules.25 

 

1.3. Time-Resolved Spectroscopy Applied to Organic BHJs 

 Evaluating the variables underpinning the PCE of OSCs is a complex undertaking, one that 

requires a combination of various experimental techniques to acquire a thorough understanding of 

the organic blend being studied. Reports concerning OSCs generally incorporate optical and 

electrochemical characterization techniques to examine the energetics of the system, microscopy 

such as AFM and TEM to examine the microstructure, X-ray techniques to study the morphology, 

all of which contribute towards a systematic evaluation of device fabrication conditions. However, 

Figure 1.3: Chemical structures of two PDI-based electron acceptor materials employing a ring-fusion motif that 

demonstrate high PCEs of over 9%.  
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the lessons imparted by these studies are very system dependent, and modifications that improve 

the PCE of one BHJ blend may detract from another. Studies that attempt to understand the charge-

transfer processes aim to produce more generally applicable insights and incorporate techniques 

such as transient photovoltage (TPV) and transient optical spectroscopy techniques.26-28  

 

Time-resolved optical spectroscopy such as femtosecond transient absorption spectroscopy 

(fsTA) and nanosecond transient absorption spectroscopy (nsTA) can shed light on the timescales 

of underlying processes through detection of optical signatures of different electronic states. This 

technique has been used as part of several in-depth studies on the behavior of photogenerated 

charge carries in thin films of organic semiconductors and in BHJ blends.29-34 A time resolution 

on the order of ~300 fs has demonstrated differing rates of charge transfer in high- vs. low-

performance blends which informs on how changes in processing conditions and chemical 

modifications impact photocurrent generation beyond observing increases or decreases in the 

parameters described above (FF, Voc and Jsc).
32 The nsTA experiment provides insight into 

recombination of the liberated charge carriers, and highly efficient systems have demonstrated 

persistence of these species into the microsecond regime, a behavior linked to reduced bimolecular 

recombination and low energy loss.35, 36 

Figure 1.4: General experimental scheme of transient absorption spectroscopy on a thin film BHJ sample.  
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1.4. Dissertation Outline 

 Though derivatives of buckminsterfullerene (C60) as the acceptor material dominated 

research in BHJ OSCs for decades, the field has rapidly shifted in favor of nonfullerene acceptor 

materials. Perylenediimides retain many advantages as acceptor materials in photovoltaic cells, 

and so have retained significant interest within the field of organic photovoltaics.37-39 Years of 

research on the photovoltaic properties of these materials has determined that incorporation of 

multiple individual chromophores into a single molecular architecture is essential to improving the 

photovoltaic response.21, 40, 41 Most of the following chapters of this thesis (2-4) aim to understand 

the impact of multiple chromophores on the transient dynamics and charge generation properties 

of perylene dye organic semiconductors and the resulting implications for the success of these dyes 

as photovoltaic materials. In addition, fused-ring electron acceptors (FREAs) originally developed 

in 2015 have decisively demonstrated their utility as acceptor materials and their photophysics will 

be discussed in chapter 5. 

 As one of the current top classes of organic electron-acceptors, PDI acceptor materials 

boast efficiencies of up to 11%.22 Most of these strategies incorporate several PDIs derivatized at 

the bay position, all linked together through a central core to promote electron delocalization in a 

manner akin to fullerenes.41 There is some evidence that substitution of PDI at the headland 

position is a promising strategy for increased photovoltaic performance of PDIs.42, 43 Chapter 2 

examines the photophysics of PDI dimers linked to a phenyl group at this position and summarizes 

the differences in transient dynamics as a function of substitution pattern on the phenyl. The meta- 

and para- derivatives demonstrate accelerated singlet decay with a minority population undergoing 

intersystem crossing (ISC), while the ortho-substituted derivative undergoes symmetry-breaking 

charge separation before recombining to the triplet state through radical-ion pair intersystem 
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crossing (RP-ISC). Strong electronic coupling in the ortho derivative extends the lifetime of the 

ion pair state relative to the meta- and para- isomers, a property that is of interest in electron 

acceptor materials. 

One of the factors driving high photovoltaic performance in OSCs based on PDI is the use 

of highly conjugated architectures that enable electron delocalization across a large aromatic 

surface.21, 24 However, this effect is difficult to study in a bulk heterojunction phase as the disorder 

complicates the isolation of individual charge transfer events. Model systems designed to probe 

this effect incorporate two PDIs oriented cofacially to one another to observe electron 

delocalization between two individual PDI units.44 The electron-transfer process from a porphyrin 

electron donor is 50% faster in the dimer structure compared to the analogous single PDI system. 

Chapter 3 explores the consequences of an additional PDI oriented in the same manner and 

resulting effects on the rate of electron transfer. The third PDI unit is found to have no observable 

impact on the charge separation process as the observed electron transfer rate is identical to that of 

the dimer system. Further examination of the individual variables that influence this process are 

found to be largely unchanged relative to the dimer construct. Given the observed propagation of 

free charge carries in the solid state of PDI, this system demonstrates the limits of covalent model 

systems in explaining the trends observed in full photovoltaic devices. 

 With the lessons of Chapter 3 in mind, approaches to improving the PCE of PDI-based 

OSCs other than molecular modification of the electron acceptor are important to consider. A ring-

fused perylenediimide acceptor material was designed utilizing the previously discussed strategies 

to enhance electron delocalization and has demonstrated high performance when blended with a 

donor polymer.41 The success of this molecular design warranted further investigation into the 

precise factors that influence device performance in PDI-based devices, such as the carrier 
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dynamics and microstructure. A systematic study was conducted utilizing two donor polymers 

with high and low amounts of fluorine incorporation along the polymer backbone to isolate the 

key factors driving high device performance. Notably, the highly fluorinated polymer-based 

devices far outperformed the fluorine-deficient pair, demonstrating significant increases in each 

performance metric (Jsc, Voc, FF). The additional fluorination increased device performance by 

50% through ideal phase separation that resulted in improved carrier mobility, increased lifetimes 

of free charges and reduced bimolecular recombination. 

Although PDI remains an attractive material for OSCs, their performance is still limited 

relative to other families of electron acceptor materials. The development and optimization of the 

fused-ring electron acceptor (FREA) class of materials has yielded PCEs as high as 17% and 18% 

in tandem cells, values that rapidly approach the industrial standard performance of α-Si panels 

(~21%).13, 45, 46 The molecular design structure of FREAs incorporates alternating electron 

donating and accepting groups flanked by orthogonally positioned solubilizing groups, facilitating 

electronic coupling interactions between chromophores while retaining solubility in organic 

solvents and appropriately sized crystalline domains. FREAs absorb light strongly in the redder 

regions of the visible range of the electromagnetic spectrum and into the near infrared region, 

increasing the range of photons available for energy conversion and promoting the absorption of 

lower energy photons that reduces thermalization losses. Chapter 6 utilizes time-resolved 

spectroscopy techniques to analyze the charge-transfer dynamics of these and discusses these to 

understand the increasingly high device performance of the FREA family of organic 

semiconductors. The effects of π-extension and fluorination are examined for ADA-type 

derivatives derived from the prototypical example ITIC. The enlarged π-surfaces of these 

compounds facilitates an excimer relaxation process, though notably this process appears to occur 
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away from the donor-acceptor boundary and does not impact device performance. The influence 

of a thermal annealing process is examined for the A-DAD-A-type Y6, demonstrates accelerated 

bimolecular recombination despite the increase in performance. This is thought to result from the 

increased hole mobility which facilitates random free carrier movement in the absence of an 

external bias. Similar behavior is observed in π-extended and fluorinated analogues of Y6. Excimer 

relaxation is also observed in neat films of these acceptors, though this process appears suppressed 

in the blends, likely contributing to their overall high performance. 
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Chapter 2 - Intersystem Crossing and Symmetry-Breaking Charge Separation in a Series 

of Phenyl-Bridged Perylenediimide Dimers 
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2.1. Introduction 

Perylenediimides (PDIs) are versatile strongly visible-light absorbing chromophores 

that have found widespread application as industrial coatings and have properties suitable for 

optoelectronic and spintronic applications. PDIs show particular promise in organic 

electronics as both small molecule electron acceptors in organic solar cells (OSCs) with 

device efficiencies as high as 11% and as transport-layer materials in both organic and 

perovskite solar cells.22, 37, 47, 48 This molecular building block has been researched extensively 

over many decades and the current state-of-the-art device performance is largely driven by 

molecular scaffolds incorporating multiple PDI subunits in contorted geometries with long -

range ordering that function to enhance light absorption and reduce energy losses from exciton 

recombination and excimer formation.23, 40, 49 

An important factor in PDI utility and versatility is the flexibility in tuning electronic 

properties using diverse rational substitution patterns. Substitution at the imide nitrogen (R 1 

in Figure 3.1) greatly enhances solubility and modifies solid-state packing, while substitution 

at the 1,6,7,12 (bay; R3) positions tunes both its redox properties and electronic absorption. 

The wide variety of available PDI core modifications has significant implications for the 

photophysics of these molecules, which are integral to the operation and optimization of OSCs 

using non-fullerene electron acceptors. In contrast to the imide and bay substitution, the 

impact of substituents at the 2,5,8,11 (headland; R2) positions adjacent to their carbonyl 

groups on PDI photophysics has been less explored, but the existing literature suggests a 

promising range of properties. PDIs linked at their headland positions offer increased 

photovoltaic performance when compared to analogous structures joined at the bay position, 

owing to smaller domain sizes and decreased aggregation of the π-surface.42, 43, 50 Headland 
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substitution has also been shown to suppress excimer formation by promoting slip-stacking 

between chromophores, a key feature in PDIs that exhibit singlet exciton fission, and has also 

been shown to directly facilitate this processes, whereas analogous bay-substituted PDIs do 

not.23, 51, 52 

In some cases, PDIs are known to undergo symmetry-breaking charge separation (SB-CS), 

which can be observed when two structurally identical chromophores are positioned in close 

spatial proximity to one another and the ion pair state is energetically accessible.53, 54 This process 

is of interest as a mechanism for enhancing photovoltaic efficiency as a means to increase the 

open-circuit voltage (Voc).
55 This process has been observed in tetrameric PDI scaffolds that exhibit 

a strong photovoltaic response, raising the possibility that these dynamics may be active in charge 

generation.56

 

Figure 2.1. A) PDI substituent positions: R1 = imide, R2 = ortho/headland, R3 = bay. B) Molecular structures of 

PDI and PDI-Ph control compounds. C) Molecular structures of headland-substituted PDI dimers. 
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Systems in which SB-CS are observed in solution often have significant π-π overlap 

between chromophores53, 57-59 controlled by covalent bonding to enforce a face-on configuration 

of the chromophores and significant H-aggregate character observable in their UV-Vis absorption 

spectra. SB-CS in PDI systems has been observed in architectures with restricted conformations54 

and even in the solid state,60 though we note that these studies are focused on bay-substituted 

phenoxy derivatives of PDI, for which this phenomenon is more commonly observed.53, 54, 57, 61 

One notable exception is the observation of SB-CS in a linear PDI dimer observed by Fang, et al.62  

It is important to understand the dynamics of headland-substituted PDI multimers 

considering their enhanced performance relative to their bay-substituted analogs. In addition, 

the potential for SB-CS as a charge generation mechanism in photovoltaic cells requires more 

research to understand this phenomenon. Here we present a comparative study on three PDI 

dimers linked by a phenyl group at the headland position (Figure 2.1). It will be seen that 

differences in the geometry and electronic coupling of these molecules have a significant 

impact on their excited-state properties. Sterically encumbered o-PDI2 exhibits SB-CS in a 

high polarity solvent such as CH2Cl2, while the less crowded m-PDI2 and p-PDI2 demonstrate 

significantly reduced fluorescence quantum yields and long-lived triplet state formation that is 

accelerated in a polar medium. In non-polar toluene, SB-CS does not occur in o-PDI2, and the 

dimer recovers the high fluorescence yield typical of PDI. 

2.2. Experimental Section 

2.2.1. Materials Synthesis. 

PDI-o-Ph, o-PDI2, m-PDI2, and p-PDI2 were prepared through a synthetic scheme 

detailed in the Supporting Information (SI).  
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2.2.2. Electrochemistry. 

Reduction potentials for each of the compounds PDI-o-Ph, o-PDI2, m-PDI2, and p-PDI2 

were determined by cyclic voltammetry and differential pulse voltammetry, which were performed 

using a CH Instruments Model 622 electrochemical workstation on 0.5 mM solutions in anhydrous 

CH2Cl2 with 100 mM Bu4N
+ PF6

- supporting electrolyte. Measurements were performed using a 

Pt disc working electrode, Pt wire counter electrode, and Ag wire quasi-reference electrode. 

Potentials are referenced to ferrocene/ferrocenium as an internal standard and are reported vs. SCE. 

2.2.3. Steady-State Optical Characterization. 

Absorption spectra were collected on a Shimadzu 1800 spectrophotometer. Steady-state 

fluorescence spectra were collected on a Horiba Nanolog fluorimeter set to right-angle detection 

mode. Spectra were collected in 1cm cuvettes with λex = 480 nm. Fluorescence quantum yields 

(Φf) were determined by referencing to a rhodamine 6G standard using λex = 480 nm. 

2.2.4. Computational Details. 

All calculations were performed in QChem 5.1 software.63 Input geometries were 

constructed in Avogadro software and pre-optimized using MMFF94 force field. DFT 

optimizations were performed at B3LYP/3-21G level of theory.64, 65 Due to memory limitations of 

our hardware and significant increase of computational time we used a 3-21G basis set (memory 

limitations did not allow us to perform frequency analysis at B3LYP/6-31G(d) level of theory). 

Absence of imaginary frequencies was used to confirm the ground-state geometries. In the case of 

o-PDI2, our numerous attempts to obtain a result free of imaginary frequencies were unsuccessful. 

We believe that difficulties in reaching the ground-state geometry are associated with the tight 

packing of the PDI units and alkyl chains in o-PDI2. Given that the structure of o-PDI2 is very 

rigid with limited degrees of freedom, we believe that the presence of small imaginary vibrational 
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frequencies (< 22i cm-1) does not significantly alter the structure from the “true” energy minimum 

and does not significantly affect predictions of electron density distributions over the PDI units in 

the dimer or indicate the presence of a transition state. To map electron densities, we used single-

point calculations at B3LYP/6-31G(d) level. Geometries optimized at B3LYP/3-21G served as 

starting geometries for single-point calculations. Output files were visualized in IQmol software. 

2.2.5. Transient Absorption Spectroscopy. 

The experimental femtosecond transient absorption (fsTA) and nanosecond transient 

absorption (nsTA) apparatus has been previously described.66, 67 Femtosecond transient absorption 

spectroscopy (fsTA) was performed using a regeneratively amplified Ti:sapphire laser system 

operating at 1 kHz to generate 828 nm light. The frequency‐doubled 414 nm light was used without 

further amplification to avoid pump scatter at the spectra regions of interest to excite samples of 

PDI-o-Ph, o-PDI2, m-PDI2, and p-PDI2 each in toluene and CH2Cl2. Solution samples were 

prepared in 2 mm path length glass cuvettes and degassed with three freeze‐pump‐thaw cycles. 

The TA data were subjected to global kinetic analysis to obtain the evolution‐ and decay‐associated 

spectra and kinetic parameters as described in detail previously.20 The femtosecond transient 

infrared (fsIR) absorption spectrometer has also been previously described.68 Time-resolved IR 

spectra were acquired following 480 nm excitation generated from the output of a commercial 

optical parametric amplifier (TOPAS-C, Light-Conversion, LLC). Samples were prepared in 

variable pathlength cell (Harrick Scientific) with 500 m spacers to an OD of ~1 at the excitation 

wavelength and were rastered to reduce the effects of local heating and degradation under visible 

and mid-infrared irradiation. 

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cplu.201900410#cplu201900410-bib-0020
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2.2.6. Time-Resolved Fluorescence. 

Picosecond time-resolved fluorescence (psTRF) data were collected using a Hamamatsu 

C4780 streak camera described previously.69 The excitation pulses at 100 kHz were tuned to 530 

nm and attenuated to ∼1 nJ/pulse to reduce the effects of pump scatter. Data were collected using 

1, 20, and 100 ns windows; the instrument response function (IRF) was ∼4% of the acquisition 

window, with the shortest time resolution being 40 ps. The optical density of the samples was ∼0.1 

at the excitation wavelength in 1 mm cuvettes. All data were acquired in the single-photon counting 

mode using the Hamamatsu HPD-TA software. 

2.3. Results and Discussion 

2.3.1. Computational Modeling. 

Geometry-minimized structures of the three dimers are given in Figure 2.2 along with their 

highest-occupied molecular orbitals (HOMOs). Each structure was computed with the full 5-

undecyl tail included to account for the effect of these large groups on the steric crowding 

surrounding the PDIs. In p-PDI2 and m-PDI2, there is sufficient space between the PDI units to 

avoid overcrowding and the individual chromophores maintain their structural rigidity. 

Additionally, the HOMO is constrained to one PDI and the phenylene spacer unit, and there is 

negligible electron density on the second PDI unit. Conversely, there is significant electron density 

located on the second PDI in o-PDI2, indicating that there is electronic communication between 

the two PDIs. The energy gaps between the HOMO and lowest unoccupied molecular orbital 

(LUMO) levels for p-PDI2, m-PDI2, and o-PDI2 are 2.50 eV, 2.53 eV, and 2.39, respectively. The 

LUMO-LUMO+1 gap in o-PDI2, is 0.11 eV, which corresponds well with the splitting in the 

reduction potentials observed in the electrochemical experiments described below. This may be a 

consequence of constructive π-orbital overlap from conjugation through the phenylene spacer that 
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is maintained by the geometric constraints of the two sterically encumbered PDI units. The 

dihedral angle between the two planes formed by four oxygen atoms each can serve as a value of 

core twisting angle. Our calculations indicate that PDI cores in o-PDI2 are twisted by 12° and 

23.8°. In contrast, both m-PDI2 and p-PDI2 have significantly smaller values of this angle, as 

shown in Figure 2.2. 

 

Furthermore, the two PDIs exhibit non-negligible core-twisting from planarity, an 

unexpected observation in PDIs with no bay-substituents. This twisting likely reflects steric 

crowding around the two PDI cores, as significant π-π interactions will force the chromophores 

apart, but their rotational flexibility is very low owing to the 1,2-substitution pattern. Steric 

repulsions between hydrogens in p-PDI2 are likely to result in minimal orbital overlap as occurs 

in other flexible aromatic systems with a 1,4-substitution such as biphenyl,70, 71while m-PDI2 

exhibits the typical weak electronic coupling that occurs in 1,3-disubstituted aromatic systems.72 

In the LUMOs (Figure 2.47-2.50), the orbital isolation is maintained in pPDI2 while there is 

Figure 2.2. Twisting of two PDI cores in o-PDI2 and in m-PDI2 calculated at the B3LYP/3-21G level of theory. 

Alkyl tails omitted for clarity. 
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significant distribution of density across both PDIs in m-PDI2 and o-PDI2. This has implications 

for the charge-transfer dynamics, which are discussed below. 

2.3.2. Energetics. 

2.3.2.1. Steady-State Spectroscopy. 

The normalized ground-state absorption spectra of PDI-o-Ph, o-PDI2, m-PDI2, and p-

PDI2 provide insight into the influence of headland substitution on the electronic properties of PDI 

dimers (Figure 2.3). Each dimer as well as the PDI-Ph reference compound display an absorption 

spectrum similar to that of N,N-bis(5-undecyl)-PDI, PDI-C11,73 with o-PDI2, m-PDI2, and p-PDI2 

maintaining the same 0-0/0-1 vibronic progression. The absorption maxima are separated by only 

1-3 nm in all the derivatives and their vibronic ratios are also consistent between these PDIs 

(Figure 2.3, Table 2.1). 

 

The invariant nature of the absorption spectra stands in contrast to the bay-substituted 

analogs of p-PDI2 and m-PDI2 which exhibit decreased vibronic band ratios74 associated with H-

aggregates within the Kasha exciton model.75 Intermolecular aggregation is also disfavored 

Figure 2.3. Steady-state absorption and emission spectra for all compounds in CH2Cl2. Spectra in toluene 

are provided in the SI. 

400 450 500 550 600 650 700

0.0

0.3

0.6

0.9

E
m

is
s
io

n
 (N

o
rm

a
liz

e
d

)A
b

s
o

rb
a

n
c

e
 (

N
o

rm
a

li
z
e

d
)

Wavelength (nm)

Absorbance
 PDI-o-Ph 

 o-PDI2

 m-PDI2

 p-PDI2

Emission
 PDI-o-Ph 

 o-PDI2

 m-PDI2

 p-PDI2



46 

because the headland-substituted PDI derivatives experience significant twisting between the 

aromatic core and the substituent aryl group.76 The absorption spectra in low polarity solvents, 

such as toluene (ε = 2.38), do not change significantly relative to those in higher polarity CH2Cl2 

(ε = 8.93), evidence that the ground-state properties of these compounds are relatively insensitive 

to the polarity of the surrounding solvent bath.  

The steady-state emission spectra of PDI-Ph, p-PDI2, m-PDI2, and o-PDI2 in Figure 2.3 

also confirm the spatial and electronic isolation of the PDIs in these molecules. The emission 

spectra of each closely mirror the absorption spectra in both toluene and CH2Cl2 with the well-

defined vibronic band structure suggesting that excimer formation is disfavored.77 Fluorescence 

quantum yields (Φf) for each PDI in both solvents were determined using rhodamine 6G as a 

reference57 and are compiled in Table 2.1. Φf for PDI-o-Ph is 0.61 and 0.43 in toluene and CH2Cl2, 

respectively, significantly quenched compared to that of PDI-C11 (Φf  = 0.99 in CH2Cl2).
78

 

The unhindered motion of the phenyl group at the headland position acts as a “loose bolt,” 

which accelerates S1 → S0 internal conversion by coupling nuclear motion to the excited electronic 

state to kinetically outcompete fluorescence and thus reduce Φf.
79 Similarly, Φf for p-PDI2 and m-

PDI2 in toluene are 0.52 and 0.39, respectively, while in CH2Cl2 these values decrease to 0.27 and 

0.25, respectively. Indeed, lower Φf values are expected in a high polarity solvent due to 

stabilization of a charge-transfer (CT) contribution to the electronic structure that opens another 

nonradiative decay pathway, as discussed below, although other solvent effects may also be 

contributing. The behavior of o-PDI2 is very different, however, with significantly higher quantum 

yields in both solvents: 1.0 in toluene and 0.85 in CH2Cl2. o-PDI2 is therefore likely to exhibit 

substantially different behavior in the excited state (vide infra). The S1 energy for each compound 

is listed in Table 2.1 along with a summary of the steady-state optical data. 



47 

Table 2.1. Steady-State Optical Characterization of Headland-Substituted PDIs. 

 

 PDI-o-Ph o-PDI2 m-PDI2 p-PDI2 

 toluene CH2Cl2 toluene CH2Cl2 toluene       CH2Cl2 toluene       CH2Cl2 

λmax, abs, nm 526 525 531 529 528 526 528 527 

λmax, em, nm 536 534 540 538 537 535 537 536 

A0-0/A0-1 1.64 1.61 1.59 1.56 1.65 1.54 1.72 1.59 

Φf 0.61 ± 

0.03 

0.43 ± 

0.01 

1.00 ± 

0.03 

0.85 ± 

0.04 

0.39 ± 

0.02 

0.25 ± 

0.05 

0.52 ± 

0.01 

0.27 ± 

0.01 

E00, eV 2.34 2.34 2.32 2.32 2.33 2.34 2.33 2.33 

 

2.3.2.2 Electrochemistry. 

Differential pulse voltammetry (DPV) experiments performed on each derivative reflect 

the changes in the frontier orbitals of PDI induced by headland substitution. PDI-o-Ph has a first 

reduction potential Ered = -0.61 V vs. SCE, 60 mV more negative than the parent PDI (Ered = -0.55 

V vs. SCE),44 and an oxidation potential of Eox = 1.77 V vs SCE (Figure 2.8). The installation of 

a phenyl group slightly increases the electron density present on the electron-rich perylene core, 

opposing the electron-withdrawing character of the imide groups which modestly increases the 

reduction potential. m-PDI2 and p-PDI2 have very similar first reduction potentials of Ered = -0.61 

V vs. SCE for m-PDI2 and Ered = -0.63 V vs. SCE for p-PDI2 (Figure 2.9-2.11). The 20 mV 

difference despite the different substitution patterns is indicative of the electronic isolation 

between the chromophores. In the case of o-PDI2, the first and second reduction potentials are split 

by 90 and 110 mV, respectively, resulting in four peaks at -0.60, -0.70, -0.84, and -0.95 V vs SCE. 

This splitting agrees with the calculated LUMO-LUMO+1 gap discussed above. Similarly, this 

splitting is consistent with that of other PDI derivatives and demonstrates significant electronic 

coupling resulting from spatial overlap;44, 80 however, the steady-state absorption spectra indicate 

that there is no H-aggregate character that often accompanies such splittings. Changes in the 
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absorption spectra arise from dipolar coupling of the transition dipole moments, which is a 

through-space interaction, as well as orbital overlap, which can occur through-space or through-

bond. We rule out the possibility of a null-aggregate since the same behavior is observed for each 

dimer despite the difference in transition dipole distance and orientation. The steric constraints 

intrinsic to o-PDI2 necessitate that the electronic coupling between PDIs be driven by through-

bond interactions, such as charge-transfer coupling.53, 81, 82 Importantly, the splitting of the o-PDI2 

LUMO levels implied by the DPV results can impart additional driving force for symmetry-

breaking charge separation (vide infra), although from the measured reduction potentials this 

enhancement would be on the order of only an additional -10 meV. 

2.3.3. Excited-State Dynamics. 

2.3.3.1. Transient Absorption Spectroscopy. 

Femtosecond transient absorption (fsTA) and nanosecond transient absorption (nsTA) 

spectroscopies were employed to characterize the excited-state dynamics of the present PDI 

derivatives. TA spectra at several pump-probe delay times are early times are shown for PDI-Ph, 

p-PDI2 and m-PDI2 following photoexcitation at 414 nm in CH2Cl2 (Figure 2.4). With no 

additional PDI present, reference compound PDI-Ph displays ground-state bleach (GSB) features 

present at 440-530 nm, while stimulated emission (SE) is observed at 580 and 633 nm. Excited-

state (ESA) extends broadly from 630-1030 nm with diminished absorption tailing out to the end 

of the experimental window at 1500 nm. The weak absorption in the near-infrared can be attributed 

to a small intermolecular excimer contribution, a relatively common phenomenon in sterically 

unencumbered PDI derivatives.83 
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In CH2Cl2, global analysis of the fsTA data set at selected wavelengths yields a two-state 

model, A → B → GS. The A → B process is assigned to the decay of the singlet excited state with 

a lifetime τ1 = 1.5 ns, a further shortening of the 1*PDI lifetime from what is observed in toluene. 

A second process B → GS shows a weak spectral profile with bleach features at 484 nm and 523 

nm and a broad positive feature spanning 600 nm to 800 nm that exists past the 7 ns experimental 

time window; these are spectral features generally associated with the triplet state84 of PDI, 3*PDI. 

Figure 2.4. fsTA spectra for A) PDI-Ph 2, B) p-PDI2, and C) m-PDI2 in CH2Cl2 following ex = 414 nm, 1 

J/pulse, ~100 fs excitation. 
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This assignment is confirmed by the existence of a long-lived species with the same key features 

at 484, 523 and 600-800 nm following the decay of 1*PDI. The presence of an additional transient 

species is supported by a change in Φf, which is ~20% lower in CH2Cl2 than in toluene. The 

transient absorption data for PDI-Ph in toluene are similar (Figure 2.14) and the kinetics are well-

described by a single exponential decay with τ1 = 2.4 ns, which is significantly shorter than that of 

PDI-C11 (τ1 = 4.5 ns) owing to the loose bolt effect discussed above. 

 In m-PDI2 and p-PDI2 the photophysics of the excited state behave somewhat differently. 

(Figure 2.4) The general transient spectral features (GSB, SE and ESA) are all consistent with 

what is observed for PDI-Ph, although notably the near-infrared region past 1000 nm is devoid of 

the weak positive absorption present for PDI-Ph. As noted above, the highly twisted structure and 

steric bulk of these dimers minimizes the potential for the aggregation required for excimer 

formation, even at the concentrations used in TA experiments. The lifetime of 1*PDI is shortened 

relative to that of the reference compound, with τ1 = 731 ps in CH2Cl2 and τ1 = 1.3 ns in toluene 

for m-PDI2 and τ1 = 863 ps in CH2Cl2 and τ1 = 1.9 ns in toluene for p-PDI2. In contrast to the 

monomer, the evolution-associated model shows that m-PDI2 and p-PDI2 have two kinetic 

components in both solvents and the spectra at long times indicate the presence of 3*PDI in both 

cases (Figure 2.4, Figure 2.15-2.18). The fluorescence quantum yields in these compounds (Table 

2.1) are lower than those of PDI-o-Ph which is consistent with the formation of 3*PDI in both 

solvents. Interestingly, the spectral features attributed to 3*PDI are evident in both low polarity 

toluene and high polarity CH2Cl2. This suggests a mechanism that does not directly involve a 

charge-transfer intermediate, which is disfavored in a low polarity solvent. It is possible that the 

shorter S1 lifetimes observed in p-PDI2 and m-PDI2 are the result of SB-CS wherein the charge 

recombination time is significantly shorter than the separation time. This would result in the 
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formation of a triplet product state but no observable population of the SB-CS intermediate. 

However, there is no evidence from the DPV data that the PDI units possess strong enough 

coupling for rapid and efficient SB-CS in p-PDI2 and m-PDI2. Without lowering the acceptor 

energy levels, the free energy for SB-CS is likely also insufficient, especially in a non-polar 

solvent.  

 The time-resolved spectra of o-PDI2 are considerably different (Figure 2.5). Following 

photoexcitation at 430 nm in CH2Cl2, the growth of 1*PDI features is accompanied by two 

additional peaks at 605 nm and at 950 nm. The feature at 950 nm is representative of PDI•-, 

suggesting the formation of an ion pair species. 80 The lack of an obvious electron donor species 

implies formation of PDI•+, which we assign to the peak at 605 nm. While this species is rarely 

observed in prototypical PDI, a similar feature appears in a tetraphenoxy PDI investigated 

extensively by Würthner and co-workers.85-87 These features are prominent in the spectrum 

obtained in CH2Cl2 but not in that obtained in toluene, supporting the formation of a radical ion 

pair stabilized in the polar solvent. Femtosecond transient infrared absorption experiments also 

support the assignment of SB-CS (Figure 2.30) 44, 57, 68. Importantly, the splitting of the acceptor 

levels observed in the DPV experiment shows that the electrochemical bandgap may indeed be 

lower than the optical energy gap, which is a necessary condition for SB-CS.53 Global analysis of 

this dataset identifies τ1 = 9.3 ps, indicating that charge separation occurs rapidly in this system 

(Figure 2.19). The lifetime of the PDI•+-PDI•- ion pair state persists past the experimental window. 

nsTA measurements in CH2Cl2 (Figure 2.28) show that this state has an 11 ns lifetime before 



52 

recombining primarily to the ground state, although with a small amount of triplet product. 

 

To the best of our knowledge, this is one of the first observations of a transiently formed 

PDI•+- PDI•- species in a headland-substituted PDI derivative. Interestingly, such a fast timescale 

for singlet excited state deactivation should fully quench the fluorescence; however, Φf = 0.85. 

The similarity in optical and electrochemical bandgaps implies that the singlet excited state and 

the SB-CS state are nearly isoenergetic in CH2Cl2, and that recombination to repopulate the excited 

state is favorable, leading to delayed emission. This idea is explored in detail below. 

In marked contrast, the o-PDI2 excited state in toluene (Figure 2.12B) exhibits a simple 

monoexponential decay from 1*PDI with τ1 = 4.6 ns, comparable to the excited-state lifetime of 

Figure 2.5. fsTA spectra for o-PDI2 in A) CH2Cl2 and B) toluene following ex = 430 nm, 0.5 J/pulse, ~100 fs 

excitation. 
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PDI-C11 (τ1 = 4.5 ns). This correlates well with the high o-PDI2 fluorescence quantum yield in 

toluene (Φf = 1), such that o-PDI2 behaves similarly to PDI-C11, underscoring the instability of 

the ion pair state in a low polarity environment, although note that this is not always the case.57, 60 

The nsTA spectra (Figure 2.20) show no evidence of triplet formation in toluene, again in analogy 

to PDI-C11. The TA evolution-associated global analysis results are summarized in Table 2.2. 

Table 2.2. Time Constants from Evolution-Associated Global Analysis of TA Data. 

Evolution-Associated Model 

  (ps) in CH2Cl2  (ps) in toluene 

PDI-Ph 1500 ± 10 2400 ± 15 

p-PDI2 860 ± 10 1900 ± 40 

m-PDI2 731 ± 5 1300 ± 40 

o-PDI2 1: 9.3 ± 0.3 

2: 10800 ± 20 

4600 ± 40 

Species-Associated Model in CH2Cl2 

 CS (ps) -CS (ps) CR-S 

(ns)† 

CR-T 

(ns)† 

K ΔGCS 

(meV) 

ΦT 

o-PDI2 14.5 26 119 78 1.8 -15 0.09 
† Constrained to kCR-S + kCR-T = (47 ns)-1 

2.3.3.2. Time-Resolved Fluorescence Spectroscopy. 

Picosecond time-resolved fluorescence (psTRF) experiments provide additional insight 

into the behavior of the excited state, and in particular the delayed emission predicted for o-PDI2 

in CH2Cl2. The emission lifetimes obtained from this experiment for PDI-Ph, p-PDI2 and m-PDI2 

(Figure 2.31-2.44) match those obtained from the transient absorption experiments and spectra 

are provided in the SI. For o-PDI2 in toluene, a single exponential decay with τ = 5.0 ns is observed 

(Figure 2.45), while in CH2Cl2 there are two processes, one instrument-limited (<40 ps) and the 

other having a lifetime τ = 10 ns (Figure 2.5). The first process in CH2Cl2 corresponds to the 

charge transfer event, while the second time constant agrees well with that of charge recombination 

determined in the nsTA experiment. Importantly, the 10 ns component dominates the emission 

decay and exhibits the same structured spectrum observed in the steady-state fluorescence 
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experiment; there is no observable spectral evolution. This implies that the longer emission 

component also originates from the singlet excited state following recombination from the SB-CS 

state.  

2.3.4. Symmetry-Breaking Charge Separation Mechanism. 

Differences in the transient spectra of these compounds are noteworthy given their nearly 

identical steady-state optical properties. Interchromophore coupling is the principal effect 

underlying these differences in most cases, although from the molecular structure of these 

compounds such differences are not readily apparent. Interchromophore coupling may arise either 

from transition dipole interactions or significant mixing of  orbitals,84, 88 though neither is readily 

apparent in o-PDI2 given that the large solubilizing groups at the imide N atoms and significant 

twist angle should prevent significant intramolecular overlap between the PDI units. 

The arrangement of individual molecules necessary for this coupling is similar in both 

covalently linked dimers as well as in ordered aggregates.89 The observation of SB-CS in o-PDI2 

is additionally intriguing given that the electrochemical measurements indicate a similar 

propensity for charge separation, i.e., similar electrochemical and optical bandgaps. This implies 

that the electronic coupling between the PDI units in o-PDI2 is sufficiently strong to promote 

efficient SB-CS. As discussed above, this coupling is most likely a through-bond interaction 

utilizing the  orbitals of the o-phenylene spacer given that the spacer  orbitals are nearly 

orthogonal to those of the two PDIs. 
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This is visualized clearly in the orbital maps of Figures 2.46-2.49, in which the electron density is 

shared between PDIs rather than being confined to a single PDI unit in both frontier orbitals. The 

core distortions may also be a key prerequisite for observing symmetry-breaking charge 

separation. Such twisting may break the electronic symmetry of the system in the ground state, 

effectively energetically favoring one of the PDI units prior to absorption of the photon. 

 The energy of the SB-CS state is difficult to accurately estimate using the method proposed 

by Weller,44 as the approximations upon which that equation is formulated are not valid for closely 

interacting  surfaces such as those considered here.57, 90 We can infer, however, that the SB-CS 

state is nearly the same energy as the singlet excited state by comparison of the optical and 

electrochemical bandgaps. This near-degeneracy has important consequences for the dynamics of 

o-PDI2, since, as discussed above, the rapid charge separation observed in the fsTA data would 

suggest a low fluorescence quantum yield. The relatively high yield (Φf = 0.85) and agreement 

with the psTRF data imply that the SB-CS state can repopulate the highly emissive S1 state, which 

can subsequently undergo further, repeated reversible charge separation. This situation will result 

in fluorescence with the same salient features observed in the psTRF data, namely the same 
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spectrum as the monomer and the same lifetime as the SB-CS state observed by TA spectroscopy. 

Coleman et al.57 and others91 have modeled the dynamics of reversible SB-CS. Using the data 

presented here, we can construct the same model and determine the rates of forward and backward 

charge transfer (kCS and k-CS, respectively), recombination to the ground state (kCR-S) and to the 

triplet state (kCR-T). The energy levels and rate processes are shown schematically in Figure 2.6.  

Importantly, this model predicts that the fluorescence quantum yield of the dimer can be at 

most equal to that of the monomer, which is not satisfied by the PDI-Ph control compound. The 

significantly higher quantum yield of o-PDI2 in toluene and CH2Cl2 and the lifetime in toluene 

suggest that PDI-Ph undergoes a fast deactivation process that is not present in o-PDI2. It is likely 

that the loose bolt effect of the phenyl substituent in PDI-Ph is not present in the ortho-linked 

dimer due to the steric crowding of the closely spaced PDIs. Eliminating this degree of 

conformational freedom greatly reduces the internal conversion rate (kIC = keff(1-f), where keff = 

1/eff is the effective rate of decay): in toluene kIC = (2.6 ns)-1 in PDI-Ph, compared to kIC ~ 0 for 

o-PDI2 due to the unity fluorescence quantum yield. Additionally, the small degree of core twisting 

in o-PDI2 will slightly alter the energetics and instantaneous symmetry of the PDIs of the dimer 

compared to the PDI-Ph monomer. Conversely, as discussed above, o-PDI2 in toluene behaves 

almost identically to PDI-C11. 
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Figure 2.7. A) Jablonski diagram of the pseudoequilibrium dynamics of o-PDI2 in CH2Cl2. B) Species-associated 

spectra. C) Model populations for the pseudoequilibrium kinetic scheme.  = 1/k for lifetimes given in Table 2.2. 
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Therefore, to model the reversible SB-CS dynamics in o-PDI2 in CH2Cl2, we use o-PDI2 in 

toluene as an effective monomer, since the emission spectrum, yield, and decay profile all suggest 

the emission is localized on one PDI unit within the dimer. However, the reference compound does 

give insight into the dynamics of the other dimers, as detailed below.  

Using the o-PDI2 data in toluene as a surrogate for the monomer, we can extract approximate 

values for the rate constants. As shown in Table 2.2, kCS = (14.5 ps)-1 and k-CS = (26 ps)-1, while 

kCR-S+kCR-T = (47 ns)-1. The pseudoequilibrium constant K = kCS/k-CS = 1.8 is consistent with the 

features in the fsTA spectrum, notably the partial coexistence of features of the SB-CS state and 

the singlet excited state, such as the stimulated emission feature near 580 nm. This implies a free 

energy change for SB-CS of ΔGCS = -15 meV, which is in good agreement with the ~10 meV shift 

in the first DPV reduction potential. The fast forward electron transfer rate in the absence of a large 

free energy change implies a strong, through-bond CT coupling between the two PDI units, as 

supported by Figure 2.11. The observed SB-CS state lifetime, and thus the observed emission 

lifetime, will be determined by S1 → S0 internal conversion, fluorescence, and charge 

recombination to the ground and triplet states. The model predicts the sum of the singlet ground- 

and triplet-state recombination rates to be kCR-S+kCR-T = (47 ns)-1. This total rate constant is small 

likely due to the modest spin-orbit coupling to the triplet state, and the large free energy change 

for recombination to the ground state (~2.31 eV), which is firmly in the Marcus-inverted regime.92, 

93 As discussed above, the internal conversion rate of the 1*PDI state in the dimer was taken here 

to be 0. With such a slow recombination to the ground (and triplet) states and without internal 

conversion, the energy is effectively trapped between the S1 and SB-CS states, leaving only 

emission as a viable decay pathway, ultimately giving rise to the high fluorescence quantum yield 

of o-PDI2 in CH2Cl2. The triplet yield can be estimated from the model by using the values above 
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and constraining kCR-S+kCR-T = (47 ns)-1 while freely varying kCR-T.57 This method gives values of 

kCR-S ~ (119 ns)-1 and kCR-T ~ (78 ns)-1, with a corresponding triplet quantum yield of T = 0.09. 

This small yield is in good agreement with the low-amplitude Tn←T1 absorption in the nsTA 

spectra. 

These parameters can be used to construct species-associated spectra and populations for the 

true S1, SB-CS, and T1 states of o-PDI2 in CH2Cl2 (Figure 2.8B-2.8C). These spectra show better 

separation of the stimulated emission and the PDI•+ absorption near 600 nm, as well as providing 

population kinetics for the S1 state that accurately reflect the time-resolved emission data. The 

resultant T1 species-associated spectrum also shows an amplitude more commensurate with the 

extinction coefficient of the 3*PDI.51 The slow reverse electron transfer to S1 compared to those of 

SB-CS states in substituted PDI cyclophanes is likely a consequence of the smaller free energy 

change. For example, in a cyclophane consisting of two cofacial tetraphenoxy-substituted PDIs 

spaced by 6.4 Å, SB-CS occurs in CS = 24 ps, comparable to o-PDI2, and with a free energy 

change of -70 meV; however, reverse electron transfer in that system was considerably slower than 

in o-PDI2, about 450 ps, because of the larger barrier for charge recombination to the excited 

state.57  

Note that the high o-PDI2 fluorescence quantum yield and long lifetime may arise from 

radiative recombination of the SB-CS state, which will be at nearly the same energy as the direct 

fluorescence. However, the 10 ns emission spectrum in CH2Cl2 strongly resembles monomeric 

1*PDI fluorescence, which implies that the emitting state shares a similar geometry with the singlet 

excited state. Radiative recombination in organic systems is often weak, even from charge-

separated states formed in high yield, and changes in the geometry between the S1 and SB-CS 

states will alter the Franck-Condon factors and broaden the emission spectrum;94 both of these 



60 

qualities contrast the strong, structured emission spectrum observed in o-PDI2. Lastly, excited-

state behavior of o-PDI2 in toluene in the absence of SB-CS also suggests that the origin of the 

emission is from a localized PDI excited state and not due to radiative recombination. These 

considerations argue that the excited-state equilibrium mechanism is the most likely for the 

dynamics of o-PDI2 in CH2Cl2. 

2.3.5. Triplet Formation Mechanisms. 

Given the inherently low triplet yield from intersystem crossing in PDI (<1%), it is clear 

from the fsTA data that the interaction of the two PDI units enhance triplet formation in p-PDI2 

and m-PDI2. The relatively slow time constants for the appearance of 3*PDI are sufficient to 

discount singlet exciton fission as a triplet formation mechanism. Previous studies of rylene dye 

derivatives have shown intersystem crossing may results from the radical pair (RP-ISC) or spin-

orbit charge-transfer (SOCT-ISC) mechanisms.95-97 However, in p-PDI2 and m-PDI2, there is no 

direct evidence for ion pair state formation, so that RP-ISC and SOCT-ISC are not operative here. 

The PDI chromophores in p-PDI2 and m-PDI2 have far more conformational freedom about the 

single bonds joining them to their phenylene spacers than does o-PDI2. Furthermore, the 3*PDI 

formation rate is faster than those of constrained PDI dimer systems (≤ 1 ns), which are generally 

observed to occur on the order of 5-20 ns.44 The acceleration of those rates in the more polar 

CH2Cl2 suggest that solvent polarity plays a role in this process. Previous studies have proposed 

an SO-ISC mechanism in which the virtual PDI•+-PDI•- state mixes with the singlet excited state 

1*PDI, providing a pathway for the transfer of spin angular momentum necessary to facilitate 

ISC.84 Increasing solvent polarity would then lower the energy of this virtual CT state increasing 

its degree of mixing with the S1 state, thereby accelerating the rate of SO-ISC. Such mixing has 

been proposed in other PDI dimers in which SB-CS has been observed.53 The core twist imparted 
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by the headland substitution may also lead to enhanced intersystem crossing.98 Such “twist-

induced” ISC has been reported previously for core-fused PDI derivatives leading to unexpected 

triplet formation,99 and may explain the very weak triplet features observed at long times in the 

PDI-Ph transient absorption data. The rate of this enhanced ISC must still be very slow compared 

to those of both fluorescence and internal conversion, as the observed triplet yield is very low.  

2.4. Conclusions. 

The photophysics of a series of PDI dimers covalently linked at their headland positions using 

phenylene linkers has been explored. Time-resolved absorption and fluorescence experiments 

demonstrate SB-CS in sterically constrained o-PDI2, while m-PDI2 and p-PDI2 exhibit diminished 

fluorescence quantum yields due to rapid internal conversion and formation of the triplet state 

through intersystem crossing. The absence of steric crowding in p-PDI2 and m-PDI2 results in 

transient dynamics resembling the monomeric reference compound PDI-Ph, highlighting the 

loose bolt effect that drives internal conversion and deactivation of the emissive excited state. The 

rotational flexibility of the phenyl group in PDI-Ph makes this derivative a less than ideal 

benchmark for the charge-separation dynamics in o-PDI2. Structural distortion of o-PDI2 indicated 

by computational modeling and splitting of the reduction potentials accounts for the unusual 

charge separation behavior in o-PDI2, which is shown to be in pseudo-equilibrium with the singlet 

excited state, underlying the high fluorescence quantum yield. This process is inaccessible in low 

polarity toluene as no ion-pair features are observable. These results highlight the utility of 

headland substitution in tuning the excited-state properties in PDIs and will inform future 

molecular designs of non-fullerene electron acceptors for use in OSCs. 
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2.5. Supplementary Information 

2.5.1. Materials Synthesis 

 

 

Scheme 2.1. Synthetic scheme of compounds used in this study. 
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PDIoBpin: PDIoBpin was synthesized according to a modified literature procedure.100 

To a 300 mL pressure vessel charged with a magnetic stir bar were added PDI-C11 (2.00 g, 2.86 

mmol), bis(pinacolato)diboron (1.25 g, 5.72 mmol), and tris(pentafluorophenyl)phosphine (183 

mg, 0.343 mmol). The vessel was then brought into a nitrogen atmosphere glovebox and 

[Ir(OMe)cod]2 (3 mol %, 57 mg, 0.858 mmol) and dry 1,4-dioxane (72 mL) were added. The vessel 

was then sealed and removed from nitrogen atmosphere. The reaction was then stirred at 110 oC 

for 24 h, after which the reaction mixture was cooled and the solvent was removed in vacuo. 

Column chromatography (silica gel, toluene) afforded 1 as a dark red solid (445 mg, 19%). Spectral 

data were in agreement with previously reported data.100  
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PDIoPh: To a 25 mL round-bottom flask charged with a magnetic stir bar were added 

bromobenzene (25 mg, 0.159 mmol, 0.017 ml), PDIoBpin (138 mg, 0.167 mmol), Na2CO3 (169 

mg, 1.59 mmol), toluene (19 mL), and H2O (2 mL). The reaction mixture was stirred and bubbled 

for 15 min with N2. Pd2dba3 (3 mol%, 4.4 mg, 0.005 mmol) and SPhos (3.4  mg, 0.01 mmol) were 

added and the reaction mixture was bubbled with N2 for an additional 5 min. The reaction was 

then stirred at 85 oC for 18 h, cooled to rt, diluted into toluene, and washed with sat. NaHCO3. The 

organic layer was collected, dried over anhyd. Na2SO4, filtered, and the solvent was removed in 

vacuo. Column chromatography (silica gel, 75% CH2Cl2 in hexanes) afforded PDIoPh (72 mg, 59 

%) as a dark red solid. 1H NMR (500 MHz, CDCl3): δ 8.77-8.57 (m, 6H) 8.44 (s, 1H) 5.23-5.14 

(m, 1H) 5.13-4.95 (m, 1H) 2.29-2.05 (m, 4H) 1.90-1.70 (m, 4H) 1.39-1.18  (m, 24H) 0.83 (t, J = 

6.7 Hz). 13C NMR (125 MHz, CDCl3): δ 164.73, 164.65, 163.6, 163.4, 148.3, 147.9, 146.8, 146.5, 

142.1, 142.0, 140.8, 140.6, 134.7, 134.3, 133.2, 131.9, 131.1, 130.6, 129.6, 128.4, 128.0, 127.9, 

126.5, 126.0, 124.0, 123.9, 123.13, 123.06, 122.9, 54.8, 32.3, 32.1, 31.8, 29.7, 26.62, 26.57, 22.59, 

22.56, 14.06, 14.04. ESI HRMS m/z calcd. for C52H59N2O4 (M + H) + 775.4469, found: 775.4469. 
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mPDI2: To a 25 mL round-bottom flask charged with a magnetic stir bar were added 1,3-

dibromobenzene (20 mg, 0.085 mmol, 0.01 ml), PDIoBpin (147 mg, 0.178 mmol), K2CO3 (117 

mg, 0.848 mmol) toluene (10 mL), and H2O (1 mL). The reaction mixture was stirred and bubbled 

for 15 min with N2. Pd2dba3 (6 mol%, 4.7 mg, 0.005 mmol) and SPhos (4.2 mg, 0.01 mmol) were 

added and the reaction mixture was bubbled with N2 for an additional 5 min. The reaction was 

then stirred at 85 oC for 18 h, cooled to rt, diluted into toluene, and washed with sat. NaHCO3. The 

organic layer was collected, dried over anhyd. Na2SO4, filtered, and the solvent was removed in 

vacuo. Column chromatography (silica gel, gradient 50-60% CH2Cl2 in hexanes) afforded mPDI2 

(70 mg, 56%) as a dark red solid. 1H NMR (500 MHz, C2D2Cl4): δ 8.80-8.59 (m, 14H) 7.82-7.75 

(m, 1H) 7.74-7.62 (m, 2H) 7.61-7.55 (s, 1H) 5.20-5.12 (m, 2H) 5.11-5.04 (m, 1H) 5.03-4.89 (m, 

1H) 2.27-2.11 (m, 8H) 1.93-1.89 (m, 8H) 1.43-1.10 (m, 48H) 0.85 (t, J = 6.3 Hz). 13C NMR (125 

MHz, CDCl3): δ 164.7, 164.3, 163.6, 163.3, 147.8, 147.2, 141.9, 141.7, 134.5, 134.4, 134.2, 131.8, 

131.2, 130.6, 129.6, 128.4, 128.2, 127.7, 126.5, 126.0, 124.0, 123.3, 123.1, 122.9, 120.9, 120.2, 

54.8, 32.3, 31.7, 26.6, 22.5, 14.0. ESI HRMS m/z calcd. for C94H110N4O8Na (M + Na)+ 1472.8249, 

found: 1494.8206. 
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pPDI2: To a 25 mL round-bottom flask charged with a magnetic stir bar were added 1,4-

dibromobenzene (36 mg, 0.153 mmol, 0.018 ml), PDIoBpin (264 mg, 0.320 mmol), Na2CO3 (211 

mg, 1.53 mmol) toluene (18 mL), and H2O (2 mL). The reaction mixture was stirred and bubbled 

for 15 min with N2. Pd2dba3 (6 mol%, 8.4 mg, 0.009 mmol) and SPhos (7.5 mg, 0.018 mmol) were 

added and the reaction mixture was bubbled with N2 for an additional 5 min. The reaction was 

then stirred at 85 oC for 18 h, cooled to rt, diluted into toluene, and washed with sat. NaHCO3. The 

organic layer was collected, dried over anhyd. Na2SO4, filtered, and the solvent was removed in 

vacuo. Column chromatography (silica gel, 50% CH2Cl2 in hexanes) followed by further 

purification via HPLC afforded pPDI2 (77 mg, 34%) as a dark red solid. 1H NMR (500 MHz, 

CDCl3): δ 8.80-8.63 (m, 12H) 7.63 (s, 4H) 5.24-5.04 (m, 4H) 2.32-2.12 (m, 8H) 1.92-1.76 (m, 8H) 

1.43-1.20 (m, 48H) 0.84 (t, J = 6.5 Hz). 13C NMR (125 MHz, CDCl3): δ 164.7, 164.2, 163.6, 163.4, 

147.8, 147.2, 141.6, 134.7, 134.4, 134.28, 134.25, 133.4, 132.0, 131.7, 131.2, 130.7, 129.6, 128.4, 

126.5, 126.0, 124.1, 123.4, 123.1, 122.9, 121.2, 120.3, 54.8, 32.4, 32.2, 31.8, 29.7, 26.6, 22.61, 

22.59, 14.09, 14.07. ESI HRMS m/z calcd. for C94H110N4O8Na (M + Na) + 1494.8249, found: 

1494.8240. 
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oPDI2: To a 25 mL round-bottom flask charged with a magnetic stir bar were added 1,2-

diiodobenzene (36 mg, 0.109 mmol, 0.014 ml), PDIoBpin (189 mg, 0.229 mmol), K2CO3 (151 

mg, 1.09 mmol) toluene (20 mL), and H2O (102 mL). The reaction mixture was stirred and bubbled 

for 15 min with N2. Pd2dba3 (6 mol%, 6.0 mg, 0.007 mmol) and SPhos (5.4 mg, 0.013 mmol) were 

added and the reaction mixture was bubbled with N2 for an additional 5 min. The reaction was 

then stirred at 85 oC for 18 h, then cooled to rt, diluted into toluene, and washed with sat. NaHCO3. 

The organic layer was collected, dried over anhyd. Na2SO4, filtered, and the solvent was removed 

in vacuo. Column chromatography (silica gel, 75% in CH2Cl2 in hexanes) followed by further 

column chromatography (1% acetone in CH2Cl2) afforded oPDI2 (15 mg, 9%) as a dark red solid. 

1H NMR (500 MHz, CDCl3): δ 8.77 (s, 1H) 8.68-8.39 (m, 8H) 8.26 (s, 2H) 7.57 (s, 2H) 7.39 (s, 

2H) 5.27-5.17 (m, 2H) 5.16-5.06 (m, 2H) 2.41-2.10 (m, 8H) 1.92-1.70 (m, 8H) 1.53-1.09 (m, 48H) 

1.00-0.75 (m, 24H). 13C NMR (125 MHz, CDCl3): δ 164.6, 164.2, 163.5, 163.1, 147.9, 147.5, 

145.3, 139.7, 134.4, 134.3, 134.2, 133.3, 131.8, 131.0, 130.3, 129.4, 129.2, 128.1, 126.3, 125.8, 
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123.9, 123.2, 122.9, 122.7, 121.0, 120.2, 54.9, 54.6, 32.3, 31.7, 29.7, 26.5, 22.8, 22.5, 14.1, 14.0. 

ESI HRMS m/z calcd. for C94H111N4O8 (M + H) + 1472.8429, found: 1472.8423. 

2.5.2. Differential Pulse Voltammetry 

 

 

Figure 2.8. Differential pulse voltammogram for PDI-o-Ph  in CH2Cl2 referenced to the ferrocene/ferrocenium 

redox couple. 
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Figure 2.9. Differential pulse voltammogram for o-PDI2 in CH2Cl2 referenced to the ferrocene/ferrocenium redox 

couple. Peaks were determined by Gaussian fits. 
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2.5.3. Additional Optical Characterization 

 

Figure 2.10. Differential pulse voltammogram for m-PDI2 in CH2Cl2 referenced to the ferrocene/ferrocenium 

redox couple. 

Figure 2.11. Differential pulse voltammogram for p-PDI2 in CH2Cl2 referenced to the ferrocene/ferrocenium redox 

couple. 
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Figure 2.12. Absorbance and emission spectra for the four compounds examined in toluene. 
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Figure 2.13. A) fsTA spectra of PDI-Ph in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.14. A) fsTA spectra of PDI-Ph in toluene following 414 nm excitation. B) Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. D) 

Model population kinetics, distribution of species in time. 
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Figure 2.15. A) fsTA spectra of p-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. D) 

Model population kinetics, distribution of species in time. 
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Figure 2.16. A) fsTA spectra of p-PDI2 in toluene following 414 nm excitation. B) Kinetics fits to the raw data at 

the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. 

D) Model population kinetics, distribution of species in time. 
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Figure 2.17. A) fsTA spectra of m-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.18. A) fsTA spectra of m-PDI2 in toluene following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.19. A) fsTA spectra of o-PDI2 in CH2Cl2 following 430 nm excitation. B) Kinetics fits to the raw data at 

the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. 

D) Model population kinetics, distribution of species in time. 
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Figure 2.20. A) Kinetic fits of the merged fs/nsTA spectra of o-PDI2 in CH2Cl2 following 430 nm excitation to 

the pseudoequilibrium model in the text. B) Model population kinetics, distribution of species in time. C) Species-

associated spectra. 
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Figure 2.21. A) fsTA spectra of o-PDI2 in toluene following 430 nm excitation. B) Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. D) 

Model population kinetics, distribution of species in time. NIR spectra scaled by a factor of two for emphasis. 
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Figure 2.22. A) nsTA spectra of PDI-Ph in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.23. A) nsTA spectra of PDI-Ph in toluene following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.24. A) nsTA spectra of p-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.25. A) nsTA spectra of p-PDI2 in toluene following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.26. A) nsTA spectra of m-PDI2 in CH2Cl2 following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.27. A) nsTA spectra of m-PDI2 in toluene following 414 nm excitation. B) Kinetics fits to the raw data 

at the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated 

spectra. D) Model population kinetics, distribution of species in time. 
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Figure 2.28. A) nsTA spectra of o-PDI2 in CH2Cl2 following 430 nm excitation. B) Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. D) Model 

population kinetics, distribution of species in time. 
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Figure 2.29. A) nsTA spectra of o-PDI2 in toluene following 430 nm excitation. B) Kinetics fits to the raw data at 

the indicated wavelengths with the kinetic model as described in the text. τ = 1/k. C) Evolution-associated spectra. 

D) Model population kinetics, distribution of species in time. NIR spectra scaled by a factor of two for emphasis. 
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Figure 2.30. A) fsIR spectra of o-PDI
2
 in CD2Cl2 following 480 nm excitation. B) Kinetics fits to the raw data at 

the indicated wavelengths to the pseudoequilibrium model in the text. Species-associated spectra. D) Model 

population kinetics, distribution of species in time. 

Modes at 1330, 1368, 1520, and 1583 cm-1 are assigned to PDI-Ph•- from comparison to FTIR spectra of 

chemically reduced PDI and DFT calculations (see below).4,5 

The mode at 1264 cm-1 is assigned to PDI-Ph•- vibration (see  below). 

Modes at 1440, 1499, 1548, 1642, and 1677 cm-1 are assigned to PDI core vibrations6 in 1*PDI-Ph. 
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Figure 2.31. A) 1 ns and B) 10 ns psTRF spectra for PDI-Ph in CH2Cl2 following λex = 480 nm, 1 nJ/pulse, ~50 

fs excitation. 

A) B) 

Figure 2.32. A) 5 ns and B) 10 ns psTRF spectra for PDI-Ph in toluene following λex = 480 nm, 1 nJ/pulse, ~50 

fs excitation. 

A) B) 
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Figure 2.33. A) 1 ns and B) 10 ns psTRF spectra for p-PDI2 in CH2Cl2 following λex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 

A) B) 

Figure 2.34. A) 1 ns and B) 10 ns psTRF spectra for p-PDI2 in toluene following λex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 

A) B) 
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Figure 2.35. A) 1 ns and B) 10 ns psTRF spectra for m-PDI2 in CH2Cl2 following λex = 480 nm, 1 nJ/pulse, ~50 

fs excitation. 

A) B) 

Figure 2.36. A) 1 ns and B) 10 ns psTRF spectra for m-PDI2 in toluene following λex = 480 nm, 1 nJ/pulse, ~50 

fs excitation. 

A) B) 
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Figure 2.37. A) 1 ns and B) 50 ns psTRF spectra for o-PDI2 in CH2Cl2 following λex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 

A) B) 

Figure 2.38. A) 1 ns and B) 50 ns psTRF spectra for o-PDI2 in toluene following λex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 

A) B) 
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Figure 2.39. A) 1 ns and B) 10 ns psTRF windows and fits for PDI-Ph in CH2Cl2 following λex = 480 nm, 1 

nJ/pulse, ~50 fs excitation. 
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Figure 2.40. A) 5 ns and B) 10 ns psTRF windows and fits for PDI-Ph in toluene following λex = 480 nm, 1 

nJ/pulse, ~50 fs excitation. 
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Figure 2.41. A) 1 ns and B) 50 ns picosecond TRF (psTRF) fits for o-PDI2 in toluene following ex = 480 nm, 1 

nJ/pulse, ~50 fs excitation. 
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Figure 2.42. A) 1 ns and B) 10 ns picosecond TRF (psTRF) fits for m-PDI2 in CH2Cl2 ex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 
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Figure 2.43. A) 1 ns and B) 1 ns and 20 ns picosecond TRF (psTRF) fits for m-PDI2 in toluene ex = 480 nm, 1 

nJ/pulse, ~50 fs excitation. 
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Figure 2.44. A) 1 ns and B) 10 ns picosecond TRF (psTRF) fits for p-PDI2 in CH2Cl2 ex = 480 nm, 1 nJ/pulse, 

~50 fs excitation. 
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Figure 2.45. 1 ns and 20 ns picosecond TRF (psTRF) fits for p-PDI2 in toluene ex = 480 nm, 1 nJ/pulse, ~50 fs 

excitation. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 = 2.70  0.05 ns

Time (ns)

 500-650 nm

 Fit

p-PDI2 / Toluene

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(N
o

rm
a

li
z
e

d
)

A)

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1 = 2.4  0.4 ns

Time (ns)

 500-650 nm

 Fit

p-PDI2 / Toluene

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(N
o

rm
a

li
z
e

d
)

B)



96 

2.5.4. Computational Details 

 

 

Figure 2.46. Visualizations of the highest-occupied molecular orbitals (HOMOs) for o-PDI2, (left) m-PDI2 (right) 

and p-PDI2 (bottom).  

Figure 2.47. Visualizations of the lowest-unoccupied molecular orbital (LUMO, left) and LUMO+1 (right) for 

p-PDI2. 
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Figure 2.48. Visualizations of the lowest-unoccupied molecular orbital (LUMO, left)) and LUMO+1 (right) for 

m-PDI2. 

Figure 2.49. Visualizations of the lowest-unoccupied molecular orbital (LUMO, left) and LUMO+1 (right) for o-

PDI2. 
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Table 2.3. Selected IR Peak Assignments for the PDI-Ph radical anion. 
Exp. 

(cm-1) 

Calc 

(cm-1) 

Intensity 

(km/mol) 
Assignment Mode 

1330 
1354.6 

1355.6 

714.7 

478.3 

nC=C 

 C-H 

 

1368 1462.5 218.6 
nC=C 

C-H 

 

Figure 2.50. DFT-calculated IR spectra of PDI-Ph A) radical anion and B) radical cation states. were broadened 

using 40 cm-1 Lorentzian lineshapes and normalized. The frequency axis was scaled by 0.96 to best match the 

experimental data. 
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1520 1570.86 441.5 
nC=C 

C-H 

 

1583 1640.0 1482.9 
nC=C 

C-H 

 

1640 1716.34 1938.4 
nC=O 

nC=O 

 

DFT / B3LYP; 6-31G(d), scaling factor: 0.96. n = stretch,  = wag. 

 

Table 2.4. Selected IR Peak Assignments for the PDI-Ph radical cation. 
Exp. 

(cm-1) 

Calc 

(cm-1) 

Intensity 

(km/mol) 
Assignment Mode 

1264 1363.5 837.6 
nC=C 

C-H 

 

 

DFT / B3LYP; 6-31G(d), scaling factor: 0.96. n = stretch,  = wag. 

 

 

Cartesian Coordinates 
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oPDI2: 

C       -4.28604       -3.88893        1.51947 

C       -4.67458       -2.99175        0.54165 

C       -3.70789       -2.26735       -0.19524 

C       -2.32233       -2.47663        0.09249 

C       -1.94109       -3.36423        1.15000 

C       -2.93605       -4.06804        1.82888 

C       -0.51424       -3.50065        1.48719 

C        0.45841       -2.85328        0.65903 

C        0.08309       -2.02735       -0.44794 

C       -1.34842       -1.78646       -0.69305 

C       -0.07315       -4.23513        2.59094 

C        1.28811       -4.37148        2.88517 

C        2.24235       -3.78582        2.07346 

C        1.84430       -3.02773        0.95221 

C        2.82864       -2.44467        0.12324 

C        2.44552       -1.68029       -0.96289 

C        1.08957       -1.46373       -1.23568 

C       -1.79466       -0.89789       -1.66054 

C       -3.15745       -0.63246       -1.90760 

C       -4.12663       -1.34234       -1.19464 

C       -5.58301       -1.15410       -1.45974 

C       -6.12223       -2.84401        0.28895 

N       -6.48756       -1.93389       -0.71219 

C        4.27295       -2.65398        0.37934 

C        3.67011       -3.96330        2.40805 

N        4.61270       -3.37729        1.53121 

O        4.03393       -4.61971        3.39831 

O        5.13444       -2.19928       -0.39865 

O       -6.01489       -0.37515       -2.32231 

O       -6.96637       -3.50346        0.92198 

C       -7.56247       -6.11076       -6.00283 

C       -7.24330       -5.63546       -4.56896 

H       -7.16625       -5.40240       -6.74012 

H       -8.64627       -6.18504       -6.15083 

H       -7.12134       -7.09391       -6.20108 

C       -7.86236       -4.25464       -4.25902 

H       -6.15479       -5.57947       -4.43381 

H       -7.62164       -6.36862       -3.84430 

C       -7.54559       -3.76383       -2.82936 

H       -8.95205       -4.31070       -4.39059 

H       -7.48658       -3.51973       -4.98496 

C       -8.15116       -2.37270       -2.54656 

H       -6.45614       -3.72239       -2.70204 

H       -7.93084       -4.48858       -2.09876 

C       -7.94853       -1.89023       -1.09019 

H       -9.23538       -2.41407       -2.71681 

H       -7.72809       -1.63138       -3.22950 

C       -8.57510       -0.49828       -0.85457 

C       -8.73773       -0.12351        0.63326 

H       -9.57312       -0.52094       -1.31404 

H       -7.97964        0.24969       -1.38205 

C       -9.47601        1.22590        0.79397 

H       -7.75284       -0.05980        1.11354 

H       -9.30252       -0.91258        1.14861 

C       -9.82297        1.56668        2.25982 

H      -10.40668        1.19600        0.20956 

H       -8.85568        2.02774        0.36918 

C      -10.51816        2.93957        2.38833 

H      -11.44030        2.96070        1.79566 

H       -9.85977        3.73682        2.02151 

H      -10.77403        3.15958        3.43075 

H       -8.90363        1.56732        2.85788 

H      -10.47267        0.78126        2.66787 

H       -8.40620       -2.61060       -0.40880 

C        6.06279       -3.65152        1.85304 

C        6.66026       -4.64674        0.83390 

C        5.85556       -5.95922        0.72097 

H        7.67965       -4.87733        1.17156 

H        6.73075       -4.16043       -0.14270 

C        6.54889       -6.99552       -0.18996 

H        4.85939       -5.74141        0.31461 

H        5.70961       -6.38688        1.72200 

C        5.73202       -8.29798       -0.33687 

H        7.53923       -7.23587        0.22193 

H        6.70934       -6.55486       -1.18379 

C        6.43100       -9.32681       -1.25174 

H        6.57687       -8.91174       -2.25604 

H        5.83773      -10.24353       -1.34253 

H        7.41477       -9.59391       -0.84802 

H        4.74128       -8.05601       -0.74425 

H        5.57457       -8.73605        0.65771 

C        6.91306       -2.36830        1.99572 

H        6.00135       -4.14681        2.82391 

C        6.42404       -1.39349        3.08806 

H        6.95897       -1.85605        1.03298 

H        7.92832       -2.69916        2.25314 

C        7.37076       -0.17891        3.22171 

H        6.36183       -1.91911        4.05096 

H        5.41424       -1.03921        2.84288 

C        6.93408        0.82470        4.31131 

H        7.41875        0.35211        2.26186 

H        8.38556       -0.53421        3.45019 

C        7.85708        2.06526        4.34696 

H        7.84919        2.56250        3.37045 

H        8.88825        1.76948        4.57293 

H        7.53379        2.78099        5.11211 

H        6.92929        0.32644        5.28973 

H        5.90237        1.14205        4.10483 

H       -5.06104       -4.43671        2.03927 

H       -2.67266       -4.77095        2.60677 

H       -1.07744       -0.35115       -2.25341 

C       -3.43065        0.41770       -2.94086 

H        0.83158       -0.84070       -2.08039 

H        3.21821       -1.24954       -1.58688 
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H       -0.78998       -4.70617        3.24925 

H        1.62327       -4.93553        3.74600 

C       -2.99072        1.73604       -2.72481 

C       -4.03055        0.08898       -4.16206 

C       -4.22352        1.05297       -5.14738 

C       -3.19769        2.70535       -3.72007 

C       -3.82343        2.37183       -4.91886 

H       -4.69263        0.77932       -6.08468 

H       -4.36294       -0.92700       -4.32598 

H       -4.69542       -3.69767        5.87536 

H       -4.55656       -2.11995        6.67885 

C       -5.08623       -2.67379        5.89466 

H       -6.14715       -2.71894        6.16709 

H        7.99301       -4.92279       -2.83266 

H       -3.84477       -1.96048        4.25563 

C       -4.90867       -1.97973        4.52680 

C        8.59780       -4.12344       -2.38888 

H        8.82313       -4.40165       -1.35176 

H       -5.42832       -2.55390        3.75009 

H        9.54429       -4.06509       -2.93967 

H       -4.95110        0.04069        5.31611 

H        6.89961       -2.84154       -1.90990 

H        7.63757       -2.51112       -3.48346 

C       -5.45597       -0.53783        4.52983 

H       -6.52551       -0.56187        4.78177 

C        7.85644       -2.77004       -2.43824 

H       -4.20010        0.21926        2.92885 

C       -5.26884        0.18522        3.17655 

C        8.68429       -1.62879       -1.80633 

H       -5.77093       -0.38509        2.38274 

H        8.86480       -1.85529       -0.74601 

H        9.66385       -1.57043       -2.30212 

H       -5.39399        2.17144        4.04985 

H        6.99613       -0.34280       -1.41552 

H        7.76399       -0.05791       -2.98289 

C       -5.84176        1.61504        3.22528 

H       -6.92303        1.55125        3.39969 

C        7.96575       -0.26864       -1.92411 

O       -3.64226        3.51405        3.53561 

O       -4.76532        1.68675       -0.55738 

C       -2.10301        2.10921       -1.57129 

H       -0.50609        2.11554       -2.97676 

C       -5.65715        2.41600        1.91710 

C       -3.88860        2.14883        0.19013 

C       -3.29423        3.06183        2.42892 

C        8.78677        0.89632       -1.32425 

C       -0.74557        2.26504       -1.93282 

C       -2.47976        2.32699       -0.24697 

N       -4.20821        2.53309        1.51458 

H        1.39710        2.39697       -3.52257 

H        8.80611        0.83200       -0.23238 

H       -6.10172        1.85964        1.09008 

H        9.82133        0.82999       -1.68819 

C       -1.49014        2.70636        0.70235 

C        0.25967        2.54817       -1.01741 

C        2.11691        2.47548       -2.71967 

C       -1.87424        3.04452        2.01985 

H        3.81397        2.34529       -4.06706 

C       -0.10842        2.76384        0.34700 

C        1.68163        2.60360       -1.39817 

C        3.47973        2.44237       -3.04227 

C       -0.92507        3.40713        2.95728 

C        0.86737        3.04452        1.35507 

C        2.65823        2.74198       -0.36173 

C        4.43661        2.51102       -2.04619 

O        6.22810        2.32765       -3.60338 

C        2.29151        2.93788        1.00798 

C        4.04259        2.65849       -0.69953 

C        0.43471        3.38512        2.63680 

C        5.86716        2.42209       -2.41797 

H       -5.85535        4.38200        2.79967 

H       -7.37324        3.65457        2.23613 

H        8.23857        2.34549       -2.82970 

N        6.80224        2.43954       -1.36030 

C        5.02545        2.69303        0.31429 

C        3.29633        2.98265        1.97398 

C       -6.31568        3.81280        1.98652 

C        8.25564        2.28717       -1.73954 

C        4.64704        2.84564        1.63392 

C        6.46057        2.52324       -0.00586 

H        3.03730        3.09739        3.01760 

H        1.15280        3.64640        3.40203 

H        5.41413        2.85286        2.39606 

O        7.31753        2.42559        0.89363 

C       -6.22582        4.59368        0.65663 

C        9.11386        3.44704       -1.19271 

H       10.13311        3.29052       -1.57189 

H       -5.18926        4.91420        0.48844 

H       -6.49650        3.92918       -0.17463 

H        9.14313        3.39085       -0.10291 

H       -6.87844        6.49426        1.48529 

H       -8.18345        5.51691        0.79816 

H        8.54682        4.86862       -2.73738 

C       -7.14250        5.83653        0.64528 

C        8.61545        4.83773       -1.64104 

H        7.60517        5.00910       -1.24688 

C       -7.04593        6.63182       -0.67465 

H       10.55206        5.81677       -1.55388 

C        9.54062        5.97410       -1.15336 

H       -6.00693        6.95552       -0.82228 

H       -7.29993        5.96792       -1.51152 

H        9.61602        5.93304       -0.05782 

H       -9.02289        7.55411       -0.55929 

H        8.96164        7.41057       -2.67074 

H       -7.72327        8.54516        0.13332 

C       -7.97834        7.86250       -0.68590 

C        9.03937        7.37260       -1.57599 

H        8.02874        7.52724       -1.17473 

H       -7.89623        8.41339       -1.62953 

C        9.97006        8.50149       -1.08267 
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H       10.97941        8.37381       -1.49138 

H       10.04198        8.48940        0.01127 

H        9.59758        9.48471       -1.39110 

H       -2.86241        3.72051       -3.54234 

H       -3.98570        3.13182       -5.67382 

H       -1.26820        3.69151        3.94363 

 

m-PDI2 

C       -1.51474       -7.15944        1.99817 

C       -2.30320       -6.14185        1.48720 

C       -1.70807       -5.07366        0.77212 

C       -0.28844       -5.05242        0.60245 

C        0.50901       -6.11670        1.13067 

C       -0.12949       -7.14859        1.81870 

C        1.96520       -6.09122        0.92750 

C        2.55376       -4.98029        0.24514 

C        1.76131       -3.90311       -0.26044 

C        0.30115       -3.95905       -0.10082 

C        2.80264       -7.11405        1.37768 

C        4.18862       -7.07389        1.18875 

C        4.77868       -6.00205        0.54088 

C        3.96980       -4.94569        0.06221 

C        4.57908       -3.85557       -0.60076 

C        3.79553       -2.81308       -1.06523 

C        2.40726       -2.83965       -0.89373 

C       -0.53984       -2.98818       -0.63215 

C       -1.94391       -3.01245       -0.50547 

C       -2.53271       -4.05070        0.22455 

C       -4.00498       -4.07884        0.46609 

C       -3.76657       -6.20998        1.70793 

N       -4.53665       -5.15931        1.18873 

C        6.04867       -3.80997       -0.81216 

C        6.25125       -5.98314        0.36036 

N        6.80709       -4.87846       -0.31532 

O        6.95286       -6.89539        0.77917 

O        6.57447       -2.87311       -1.40158 

O       -4.74224       -3.19035        0.06275 

O       -4.27500       -7.14024        2.32279 

C       -7.85268       -7.94047       -4.15134 

C       -6.92951       -7.80300       -2.93639 

H       -7.85320       -7.02367       -4.75381 

H       -8.88767       -8.13238       -3.84249 

H       -7.54053       -8.76621       -4.80093 

C       -7.33193       -6.65680       -1.99952 

H       -5.89617       -7.64602       -3.27779 

H       -6.92231       -8.74651       -2.37242 

C       -6.41300       -6.50669       -0.78028 

H       -8.36596       -6.81491       -1.65837 

H       -7.34110       -5.71270       -2.56430 

C       -6.82313       -5.33846        0.12589 

H       -5.38063       -6.36185       -1.12880 

H       -6.41154       -7.44236       -0.20292 

C       -6.01392       -5.21360        1.43022 

H       -7.87059       -5.47590        0.42960 

H       -6.77891       -4.39794       -0.43120 

C       -6.51022       -4.05710        2.31831 

C       -5.78549       -3.91896        3.66343 

H       -7.57534       -4.25332        2.50688 

H       -6.45733       -3.11448        1.76562 

C       -6.40187       -2.83409        4.55655 

H       -4.72669       -3.67936        3.49158 

H       -5.79842       -4.88268        4.19286 

C       -5.68309       -2.66187        5.90067 

H       -7.46015       -3.07259        4.74072 

H       -6.39723       -1.87487        4.01753 

C       -6.30951       -1.57900        6.78522 

H       -7.35621       -1.81272        7.01595 

H       -6.29221       -0.60134        6.28736 

H       -5.77370       -1.47813        7.73610 

H       -4.62633       -2.41969        5.71797 

H       -5.68594       -3.62080        6.43830 

H       -6.13225       -6.14289        1.98910 

C        8.29256       -4.87249       -0.50606 

C        8.68528       -4.97783       -1.99134 

C        8.10377       -6.19720       -2.71882 

H        9.78252       -5.03643       -2.01767 

H        8.40733       -4.05790       -2.51515 

C        8.60764       -6.32532       -4.16224 

H        7.00660       -6.13322       -2.72939 

H        8.34989       -7.11219       -2.16127 

C        8.01747       -7.52614       -4.91255 

H        9.70512       -6.40429       -4.15976 

H        8.37163       -5.40210       -4.71206 

C        8.52551       -7.64638       -6.35294 

H        8.27564       -6.75189       -6.93680 

H        8.08529       -8.51097       -6.86291 

H        9.61593       -7.76376       -6.37980 

H        6.92095       -7.44673       -4.91627 

H        8.25292       -8.44844       -4.36267 

C        8.97306       -3.68949        0.20757 

H        8.60679       -5.79152       -0.00928 

C        8.66516       -3.58204        1.70682 

H        8.71621       -2.75329       -0.29657 

H       10.05468       -3.83394        0.07574 

C        9.45406       -2.46096        2.39610 

H        8.88306       -4.54077        2.19947 

H        7.59098       -3.40158        1.85326 

C        9.13925       -2.32004        3.89074 

H        9.24542       -1.50678        1.88993 

H       10.53192       -2.64199        2.26891 

C        9.93051       -1.19850        4.57143 

H        9.71664       -0.22634        4.11034 
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H       11.01098       -1.37089        4.49140 

H        9.68366       -1.12340        5.63670 

H        9.34677       -3.27401        4.39624 

H        8.06261       -2.13737        4.01787 

H       -2.00008       -7.96590        2.53695 

H        0.44384       -7.96912        2.23323 

H       -0.12448       -2.16844       -1.20557 

C       -2.67181       -1.92038       -1.22524 

H        1.83390       -2.00143       -1.27176 

H        4.27919       -1.98099       -1.56572 

H        2.38748       -7.97446        1.88893 

H        4.82152       -7.87872        1.54668 

C       -2.56630       -0.59800       -0.77818 

C       -3.33289       -2.17859       -2.43123 

C       -3.88799       -1.13032       -3.16298 

C       -3.14173        0.45980       -1.49580 

C       -3.79754        0.18011       -2.70183 

H       -4.39236       -1.33688       -4.10285 

H       -4.23078        0.99093       -3.27881 

H       -2.05109       -0.39250        0.15663 

H       -3.40741       -3.19870       -2.79637 

H       -8.14247        1.94982        6.51165 

H       -8.78970        3.48343        5.90669 

C       -8.65566        2.42159        5.66576 

H       -9.65356        1.97226        5.58960 

H        6.47768        5.73721        7.70995 

H       -6.86333        2.67517        4.48246 

C       -7.86815        2.24490        4.36365 

C        6.75692        6.40525        6.88712 

H        6.30804        7.38611        7.08697 

H       -7.71791        1.17334        4.16840 

H        7.84652        6.52983        6.91437 

H       -8.69931        3.96111        3.34301 

H        5.20742        5.70609        5.54986 

H        6.73419        4.85546        5.37806 

C       -8.55083        2.88824        3.14956 

H       -9.55733        2.45972        3.03085 

C        6.29705        5.85184        5.53445 

H       -6.75458        3.12309        1.98127 

C       -7.76433        2.71106        1.84449 

C        6.66859        6.75797        4.35387 

H       -7.62959        1.63973        1.63935 

H        6.23342        7.75599        4.51174 

H        7.75927        6.90242        4.33790 

H       -8.52684        4.46306        0.81324 

H        5.11956        6.06624        3.02186 

H        6.64742        5.22095        2.82800 

C       -8.43810        3.38568        0.64189 

H       -9.46118        2.99668        0.54075 

C        6.20814        6.21501        2.99465 

O       -6.80786        5.72601       -0.38756 

O       -5.72433        1.30609       -0.84535 

C       -2.91297        1.86495       -1.04632 

H       -0.82570        1.46925       -1.07444 

C       -7.74122        3.12480       -0.70658 

C       -5.34966        2.46798       -0.79312 

C       -5.95371        4.85134       -0.48668 

C        6.57636        7.14390        1.83028 

C       -1.56188        2.24114       -0.88835 

C       -3.90274        2.83308       -0.82460 

N       -6.29456        3.51334       -0.68047 

H        1.04568        1.86628       -0.59016 

H        6.11438        8.12572        1.97092 

H       -7.70397        2.04572       -0.85844 

H        7.66384        7.30379        1.83287 

C       -3.51559        4.17291       -0.53620 

C       -1.14660        3.52399       -0.55430 

C        1.28769        2.91027       -0.42987 

C       -4.50995        5.17021       -0.38279 

H        3.41130        2.49681       -0.32213 

C       -2.13908        4.53884       -0.40899 

C        0.27152        3.86616       -0.37376 

C        2.63518        3.25310       -0.27442 

C       -4.14609        6.48248       -0.13075 

C       -1.78182        5.89871       -0.14402 

C        0.62778        5.22852       -0.12749 

C        3.00304        4.57048       -0.05819 

O        5.30337        4.04090        0.02606 

C       -0.36074        6.25694       -0.02278 

C        2.00667        5.57007        0.02060 

C       -2.80141        6.84142       -0.01273 

C        4.44054        4.90738        0.09044 

H       -8.57765        4.82890       -1.76271 

H       -9.51122        3.33977       -1.86629 

H        6.70916        5.62433        0.32314 

N        4.77079        6.26049        0.30537 

C        2.39070        6.91170        0.24787 

C        0.06515        7.56809        0.20007 

C       -8.49075        3.74710       -1.89908 

C        6.22442        6.59513        0.43525 

C        1.41963        7.89478        0.33164 

C        3.82030        7.28704        0.39218 

H       -0.65780        8.37156        0.27639 

H       -2.56767        7.88023        0.18759 

H        1.73002        8.92005        0.50180 

O        4.15305        8.45190        0.57771 

C       -7.87556        3.43532       -3.26970 

C        6.71724        7.50521       -0.70565 

H        7.80308        7.60724       -0.56914 

H       -6.86955        3.87359       -3.33206 

H       -7.74351        2.34846       -3.37629 

H        6.29063        8.50682       -0.59532 

H       -8.86099        5.04869       -4.31969 

H       -9.72566        3.52068       -4.38881 

H        6.82020        5.93715       -2.19869 

C       -8.71975        3.96400       -4.43655 

C        6.44143        6.96609       -2.11568 

H        5.35692        6.90621       -2.28408 

C       -8.10744        3.67900       -5.81391 

H        8.15567        7.87800       -3.07167 
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C        7.06618        7.83106       -3.21821 

H       -7.10292        4.12342       -5.86229 

H       -7.96574        2.59485       -5.92963 

H        6.70235        8.86459       -3.11967 

H       -9.95618        3.75785       -6.97121 

H        7.12740        6.28868       -4.73147 

H       -9.08587        5.29661       -6.90497 

C       -8.95643        4.20945       -6.97364 

C        6.76879        7.32335       -4.63505 

H        5.68006        7.28194       -4.78260 

H       -8.49423        3.98964       -7.94288 

C        7.39958        8.18718       -5.73183 

H        8.49181        8.21707       -5.63401 

H        7.03547        9.22076       -5.68086 

H        7.16576        7.80076       -6.73049 

H       -4.93139        7.22341       -0.02727 

 

p-PDI2 

C        6.86286        3.94979       -0.32577 

C        5.48796        3.81792       -0.30391 

C        4.89806        2.53372       -0.23529 

C        5.73071        1.37530       -0.15099 

C        7.15279        1.53051       -0.22246 

C        7.68542        2.81837       -0.30547 

C        8.00115        0.32748       -0.19272 

C        7.38476       -0.94963        0.00935 

C        5.96666       -1.09973        0.13929 

C        5.11411        0.09487        0.02048 

C        9.38775        0.38524       -0.35248 

C       10.18384       -0.76463       -0.29470 

C        9.61053       -2.00200       -0.07011 

C        8.21165       -2.11198        0.08320 

C        7.63734       -3.38160        0.30917 

C        6.26849       -3.50321        0.45305 

C        5.44398       -2.37583        0.36380 

C        3.72477        0.02862        0.09530 

C        2.90322        1.16224       -0.04179 

C        3.48556        2.41320       -0.23528 

C        2.65020        3.61718       -0.50811 

C        4.66478        5.04918       -0.27998 

N        3.27595        4.86496       -0.33785 

C        8.47418       -4.60032        0.40209 

C       10.48678       -3.19201        0.00474 

N        9.85756       -4.43133        0.25469 

O       11.71738       -3.10586       -0.13903 

O        7.96491       -5.71789        0.60571 

O        1.46254        3.54967       -0.85515 

O        5.17530        6.18119       -0.21902 

C       -0.26545        4.33057        5.34438 

C        0.94717        4.62080        4.43398 

H       -0.95292        3.63178        4.85262 

H       -0.82065        5.25182        5.55688 

H        0.04793        3.89170        6.29836 

C        0.53209        5.26580        3.09411 

H        1.47863        3.68117        4.22692 

H        1.65339        5.28094        4.95481 

C        1.72852        5.47101        2.13710 

H        0.05287        6.23486        3.29498 

H       -0.21295        4.63538        2.59215 

C        1.26542        5.94627        0.74391 

H        2.25545        4.51417        2.03065 

H        2.44017        6.18867        2.56794 

C        2.41166        6.09780       -0.28666 

H        0.79388        6.93437        0.83650 

H        0.51963        5.24434        0.36152 

C        1.86989        6.46786       -1.68603 

C        2.96671        6.62392       -2.76182 

H        1.33084        7.41941       -1.57948 

H        1.15250        5.70010       -1.99135 

C        2.39848        7.18523       -4.08328 

H        3.42009        5.64355       -2.95827 

H        3.76368        7.27835       -2.38654 

C        3.45504        7.26581       -5.20607 

H        1.98489        8.18764       -3.90337 

H        1.56675        6.54872       -4.41684 

C        2.86779        7.83343       -6.51640 

H        2.48843        8.84996       -6.35850 

H        2.03513        7.21045       -6.86403 

H        3.62451        7.86914       -7.30801 

H        3.86043        6.26171       -5.38892 

H        4.28959        7.89599       -4.87116 

H        3.10644        6.87306        0.04336 

C       10.75735       -5.63625        0.36532 

C       10.66671       -6.27213        1.77102 

C       11.04725       -5.30341        2.91038 

H       11.35741       -7.12626        1.78168 

H        9.65336       -6.65321        1.92024 

C       10.99015       -5.98411        4.29561 

H       10.36140       -4.44636        2.90794 

H       12.05872       -4.91103        2.73671 

C       11.36420       -5.02526        5.44688 

H       11.67342       -6.84501        4.30730 

H        9.97632       -6.37335        4.46430 

C       11.28908       -5.71242        6.82720 

H       10.27386       -6.07956        7.01878 

H       11.55950       -5.01771        7.63017 

H       11.97368       -6.56786        6.86884 

H       10.68666       -4.16108        5.42866 

H       12.38007       -4.64302        5.28022 

C       10.47133       -6.65447       -0.76109 

H       11.75526       -5.21618        0.22316 

C       10.62137       -6.06108       -2.17798 
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H        9.46449       -7.05760       -0.62563 

H       11.18938       -7.47662       -0.63836 

C       10.43035       -7.12929       -3.27700 

H       11.61397       -5.60182       -2.28151 

H        9.87876       -5.26568       -2.32105 

C       10.55517       -6.54882       -4.70268 

H        9.44094       -7.59341       -3.16117 

H       11.17843       -7.92360       -3.14490 

C       10.36522       -7.62809       -5.79027 

H        9.37446       -8.08962       -5.70398 

H       11.11891       -8.41722       -5.68397 

H       10.45757       -7.19907       -6.79421 

H       11.54270       -6.08196       -4.81516 

H        9.80575       -5.75709       -4.83476 

H        7.27886        4.94876       -0.35213 

H        8.75657        2.96182       -0.33378 

H        3.23042       -0.91805        0.26390 

C        1.42401        1.01735        0.11283 

H        4.37717       -2.51331        0.47310 

H        5.85734       -4.48876        0.63023 

H        9.87302        1.33507       -0.52894 

H       11.25796       -0.71056       -0.41769 

C        0.62038        0.60010       -0.94920 

C        0.82930        1.38678        1.32760 

C       -0.55487        1.43431        1.44720 

C       -0.76793        0.63564       -0.82436 

C       -1.36504        1.09527        0.35806 

H       -1.00695        1.77661        2.36769 

H        1.07520        0.31392       -1.89004 

H        1.45410        1.68943        2.15979 

H       -1.06026        6.17686       -6.55868 

H       -2.54513        7.06246       -6.15155 

C       -1.55219        6.77686       -5.78462 

H       -0.96596        7.69154       -5.63708 

H       -8.92871       -6.71430       -7.78584 

H       -2.22221        5.05902       -4.62944 

C       -1.66694        5.99121       -4.46082 

C       -9.63129       -6.88629       -6.96286 

H      -10.48586       -6.21216       -7.09467 

H       -0.66284        5.71286       -4.11419 

H       -9.99703       -7.91743       -7.03402 

H       -3.37577        7.08980       -3.69211 

H       -8.58041       -5.61373       -5.54818 

H       -8.09242       -7.31102       -5.48638 

C       -2.36925        6.80713       -3.35339 

H       -1.80962        7.73809       -3.18515 

C       -8.95787       -6.64395       -5.59505 

H       -3.03767        5.10339       -2.19575 

C       -2.47338        6.02895       -2.02346 

C       -9.92771       -6.87889       -4.41597 

H       -1.46580        5.73896       -1.69593 

H      -10.79485       -6.21234       -4.52325 

H      -10.30415       -7.91055       -4.45854 

H       -4.19999        7.05820       -1.16717 

H       -8.87848       -5.60485       -3.01619 

H       -8.40315       -7.30475       -2.92631 

C       -3.15712        6.85365       -0.91094 

H       -2.63585        7.81548       -0.80920 

C       -9.26384       -6.63220       -3.04367 

O       -5.84171        5.81759        0.04449 

O       -1.77334        3.82416        0.90191 

C       -2.85887        1.16993        0.40302 

H       -2.89767       -0.94844        0.26554 

C       -3.10326        6.16678        0.47234 

C       -2.97398        3.68355        0.61276 

C       -5.16867        4.78377        0.21634 

C      -10.24620       -6.84284       -1.87143 

C       -3.52472       -0.06859        0.29283 

C       -3.61443        2.34722        0.44612 

N       -3.79005        4.82285        0.42685 

H       -3.78621       -2.70102        0.28177 

H      -11.07743       -6.13659       -1.94333 

H       -2.06755        5.91485        0.70081 

H      -10.65585       -7.86066       -1.92448 

C       -5.02959        2.26185        0.30389 

C       -4.90549       -0.19353        0.22211 

C       -4.86144       -2.70736        0.17050 

C       -5.79696        3.44671        0.21465 

H       -4.95287       -4.87277        0.09309 

C       -5.69497        0.99798        0.20706 

C       -5.57002       -1.50384        0.13398 

C       -5.50805       -3.94396        0.06738 

C       -7.17000        3.38505        0.06620 

C       -7.12038        0.95275        0.06941 

C       -6.99395       -1.54604        0.00239 

C       -6.88131       -4.00497       -0.07374 

O       -6.86364       -6.38201       -0.17167 

C       -7.78989       -0.35595       -0.02856 

C       -7.64027       -2.81515       -0.10281 

C       -7.82729        2.15475        0.01021 

C       -7.52602       -5.33127       -0.19317 

H       -4.69996        7.30621        1.39099 

H       -3.07276        7.98663        1.59126 

H       -8.73570       -7.38609       -0.41966 

N       -8.92958       -5.34434       -0.33676 

C       -9.04302       -2.89160       -0.24039 

C       -9.17555       -0.48205       -0.15629 

C       -3.65858        7.05733        1.60649 

C       -9.57981       -6.69635       -0.48477 

C       -9.79558       -1.73283       -0.26237 

C       -9.73393       -4.19656       -0.36588 

H       -9.80063        0.39966       -0.17687 

H       -8.90263        2.15107       -0.09870 

H      -10.86982       -1.82032       -0.36414 

O      -10.96994       -4.26369       -0.49442 

C       -3.53793        6.41111        3.00261 

C      -10.55541       -6.98301        0.67848 

H      -10.93301       -8.00443        0.53401 

H       -4.15602        5.50478        3.04201 

H       -2.49784        6.10336        3.17306 
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H      -11.40005       -6.29292        0.61211 

H       -5.01968        7.67660        3.96113 

H       -3.36216        8.27866        4.09527 

H       -9.00066       -7.52371        2.09840 

C       -3.97837        7.36903        4.13090 

C       -9.89159       -6.88125        2.06824 

H       -9.55346       -5.85055        2.23497 

C       -3.85733        6.73099        5.53213 

H      -11.17717       -8.32284        3.06068 

C      -10.85413       -7.28253        3.20708 

H       -4.47855        5.82614        5.57030 

H       -2.81813        6.41402        5.69213 

H      -11.75423       -6.65379        3.15863 

H       -3.65780        8.60083        6.64323 

H       -9.30809       -7.76471        4.64874 

H       -5.32635        8.00822        6.52216 

C       -4.28265        7.69994        6.65559 

C      -10.21197       -7.14257        4.60474 

H       -9.89518       -6.10118        4.75059 

H       -4.18728        7.23024        7.64088 

C      -11.17881       -7.55259        5.73612 

H      -11.48558       -8.59871        5.61929 

H      -12.08060       -6.92928        5.71582 

H      -10.70753       -7.44153        6.71901 

H       -1.39373        0.36197       -1.66601 

H       -7.71177        4.31857       -0.01467



 

 

 

 

 

 

 

 

 

 

Chapter 3 – Photoinduced Electron Transfer from Zinc meso-Tetraphenylporphyrin to a 

One-Dimensional Perylenediimide Aggregate: Probing Anion Delocalization Effects 

 

 

 

 

 

 

 

 

 

 

Reprinted (adapted) from J. Porph. Phthalo. 2019, 24(3), 143-152 doi: 

10.1142/S1088424619500858 with the permission of WorldScientific Publishing. 



108 

3.1 Introduction 

 Organic photovoltaics (OPVs) provide a promising pathway to renewable energy that 

utilizes cost-effective, solution-processable materials.101-103 Much of OPV research has centered 

on maximizing their power conversion efficiencies (PCEs) in order to compete with high-purity 

silicon cells that are the current industry standard. Historically, the best-performing OPVs have 

utilized a bulk heterojunction (BHJ) blend of interpenetrating networks of donor and acceptor 

materials.104, 105 Considerable research has gone into the development of conjugated polymers as 

donor materials for OPV BHJ devices,106, 107 while for many years development of acceptor 

materials has centered around buckminsterfullerene (C60) and its derivatives.108 The two highest 

performing fullerene derivatives, [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) and its C70 

analogue (PC71BM), have been optimized in BHJ devices with various polymer donors to achieve 

PCEs exceeding 10%.109 Though fullerenes are ubiquitous in OPV research, several disadvantages 

inhibit their ultimate application, in particular their high cost, poor solar radiation absorption, and 

susceptibility to air and light-mediated degradation.18, 110 These deficiencies have subsequently 

accelerated research into non-fullerene OPV acceptor materials.19, 111, 112  

 This laboratory and others have studied perylenediimide (PDI) derivatives, one of the 

emergent classes of non-fullerene OPV acceptor materials.23, 24, 67, 113, 114 PDI is strongly light-

absorbing, synthetically versatile and thermally/environmentally robust, making PDI-containing 

compounds attractive materials for OPVs. Moreover, PDI photophysics have been investigated 

extensively,115 making PDI an optimal acceptor for studying the excited-state dynamics of donor-

acceptor model compounds and active layer BHJ blends. Research into PDI-based acceptors has 

grown dramatically since their inception, and today PCEs for PDI-based devices now rival those 
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of fullerene-based devices.116 The most promising PDI-based materials incorporate multiple 

connected PDI chromophores, the molecular orbitals of which are extensively delocalized as a 

result of fused aromatic ring structures, which increase the electronic coupling between acceptors 

and have been demonstrated to boost PCEs in related systems.21, 41 In addition to possessing highly 

delocalized molecular orbitals, these PDI acceptors are substantially twisted with respect to one 

another, resulting in fewer cofacial interactions between the molecules that produce excimer-like 

trap states common in PDI-based OPV materials.23 However, the mechanism of free carrier 

generation in these high-performing systems is not yet fully understood and further investigations 

are needed to elucidate their underlying electronic behavior. 

 Much of the work dedicated to understanding the mechanism of free carrier generation in 

OPVs has been performed on fullerene-based systems.20, 30, 117 In a BHJ blend, the low dielectric 

environment does not provide sufficient stabilization to overcome the Coulombic binding energy 

of the exciton (electron-hole pair).103 This situation results in the exciton forming a charge transfer 

(CT) state118 in which the electron and hole remain bound at the donor-acceptor (D-A) interface.119, 

120 However, fullerene-based systems are known to easily overcome this binding energy, resulting 

in fully charge-separated (CS) states121 characterized by spatially well-separated holes and 

electrons. Dissociation from the CT state is in competition with geminate recombination, in which 

the bound electron-hole pair cannot overcome the binding energy and recombines to the ground 

state, ultimately lowering the free-carrier yield and PCE.122  

 Savoie et al. and others have developed a quantum dynamical model to rationalize the high 

performance of OPVs containing large fullerene clusters in the active layer.20, 26, 27, 30 Pure phases 

of fullerene clusters that interact with the donor are thought to form a band of high energy CS 
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states as a result of isotropic electronic coupling that is isoenergetic with the donor excited state 

1*D. This permits the exciton to transfer directly into this band, bypassing the Coulombically bound 

CT state, where the electron and hole remain tightly bound (<1 nm separation).123 In contrast, non-

fullerene materials lacking the structural and electronic properties of fullerenes124 do not have the 

same accessible band of CS states, thus the excitons are instead believed to dissociate from the 

more strongly bound CT state.20 Despite these differences in electronic structure, some PDI 

systems have nevertheless demonstrated high efficiency24, 41 attributed to anionic and molecular 

orbital delocalization and even efficient generation of free carriers on picosecond timescales or 

less.125  

Our recent work focused on investigating the effect of charge delocalization in PDI-based 

materials has yielded insights into this process. A rigidly oriented two-PDI acceptor system with 

zinc meso-tetraphenylporphyrin (ZnTPP) as the donor, ZnTPP-PDI2 (Figure 3.1), demonstrated 

an increase in the charge separation rate constant (kCS) of 50% beyond the statistical sum of the 

Figure 3.1. Molecular structures of ZnTPP-PDI2, ZnTPP2-PDI3 and Ar2-PDI3. Donor chromophores (ZnTPP) 

are colored red and acceptor chromophores (PDI) are colored blue. 
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corresponding rates of two single PDI reference compounds.44 The system was evaluated using 

the Marcus semi-classical electron transfer model,92 which relates kCS to the reorganization energy 

(λ) of the system, the free energy change for charge separation (ΔGCS), and the electronic coupling 

(VDA), 

                                                𝑘𝐶𝑆 =
2𝜋

ℏ
|𝑉𝐷𝐴|2 1

√4𝜋𝜆𝑘𝐵𝑇
𝑒

−
(𝜆+Δ𝐺𝐶𝑆)

2

4𝜆𝑘𝐵𝑇        (3.1) 

Values for λ and ΔGCS were found to be approximately equal for ZnTPP-PDI2 and each of the 

single PDI reference compounds designed to individually evaluate through-bond and through-

space electron transfer.44 Furthermore, DFT calculations revealed a significantly lower SOMO + 

1 energy for two cofacial PDI acceptors versus a single PDI, suggesting an increase in the 

electronic coupling between the acceptors via superexchange interactions126 in which the 1*ZnTPP 

state additionally couples to the SOMO + 1 level of the two interacting PDIs. However, it is 

currently unknown whether additional PDIs will continue to lower the SOMO + 1 of strongly 

coupled PDIs such that electron transfer can eventually occur directly to a band of excited states 

of aggregated PDIs, emulating the proposed model of charge separation in fullerenes.20, 44  

 In this work, we have prepared an extended donor-acceptor system ZnTPP2-PDI3 (Figure 

3.1) with three cofacially oriented PDIs to examine how the incorporation of an additional acceptor 

moiety might impact the charge transfer dynamics. Using the framework established by our 

previous observations, we analyze kCS in this system as a function of the interactions between 

individual acceptors and monitor the effects of anion delocalization. The xanthene bridge 

maintains a fixed face-on interaction between the three PDI subunits as described previously,44 

while incorporating a second ZnTPP donor simplifies the synthesis of the system and does not 

participate in the excited-state dynamics. We have also prepared the reference system Ar2-PDI3 
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(Figure 1) which substitutes biphenyl groups for the ZnTPP donors as a template for correlating 

changes in PDI electronic spectra and for evaluating our system using the Marcus model. 

3.2. Experimental Section 

3.2.1. Materials Synthesis 

ZnTPP2-PDI3 and Ar2-PDI3 were prepared by the convergent synthesis detailed in 

Scheme 3.1 and Scheme 3.2. 

3.2.2. Electrochemistry 

Oxidation and reduction potentials for the reference compound Ar2-PDI3 were determined 

by differential pulse voltammetry, which was performed using a CH Instruments Model 622 

electrochemical workstation on 0.5 mM solutions in anhydrous CH2Cl2 with 100 mM Bu4N
+ PF6ˉ 

supporting electrolyte. Measurements were performed using a Pt disc working electrode, Pt wire 

counter electrode, and Ag wire quasi-reference electrode. Potentials are referenced to 

ferrocene/ferrocenium as an internal standard and are reported vs. SCE. 

3.2.3. Steady-State Optical Characterization 

Absorption spectra were collected on a Shimadzu 1800 spectrophotometer. FTIR spectra 

were acquired on a Shimadzu IRAffinity-1 spectrophotometer in transmission mode with 2 cm-1 

resolution. Samples with a maximum optical density of 1 were prepared in dichloromethane under 

an N2 atmosphere contained in a liquid demountable cell (Harrick Scientific) with CaF2 windows 

and a 500 μm Teflon spacer.  
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3.2.4. Computational Details 

To reduce computational time, density functional theory (DFT) calculations were 

performed on PDI3 (with phenyls substituted for the porphyrin groups) in TeraChem (version 4.4) 

at the B3LYP-D3/6-31+G* level of theory for all geometry optimizations.44  

3.2.5. Transient Absorption Spectroscopy 

The experimental femtosecond transient absorption (fsTA) and nanosecond transient 

absorption (nsTA) apparatus has been previously described.66, 67 Pump pulses at 590 nm generated 

by using the output of a laboratory-built collinear optical parametric amplifier were used to excite 

solution samples in 2 mm cuvettes.127 The femtosecond transient IR (fsIR) spectroscopy apparatus 

has also been described previously.128 Excitation pulses were tuned to 590 nm (4 μJ/pulse) and 

samples were prepared in the same manner as the FTIR samples in a demountable liquid cell with 

a 500 μm Teflon spacer. All samples for transient spectroscopy were dissolved in 1,4-dioxane to 

approximate the dielectric environment of the solid state. 

3.3 Results 

3.3.1. Electrochemistry 

Differential pulse voltammetry experiments performed on the Ar2-PDI3 reference 

molecule (Figure 3.7) show that the observed splitting of the first and second reduction potentials 

of PDI observed upon in a PDI dimer is not significantly enhanced in Ar2-PDI3,44 the lowest 

energy reduction potential is -0.50 V vs SCE, which is approximately 40 mV more positive than 

the corresponding dimer acceptor. Using these reduction potentials and the reported oxidation 

potential of ZnTPP (Eox = 0.83 V vs SCE), we calculate ΔGCS for charge separation using 

Equation 3.2:90 
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∆𝐺𝐶𝑆 = 𝐸𝑆 − [𝑒(𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑) −
𝑒2

𝑟𝐷𝐴𝜀𝑆
+ 𝑒2 (

1

2𝑟𝐷
+

1

2𝑟𝐴
) × (

1

𝜀𝑆
−

1

𝜀𝑆𝑃
)]  (3.2) 

where Eox and Ered are the first oxidation and reduction potentials of the electron donor and electron 

acceptor, respectively; rD and rA are the donor and acceptor radii, 𝑟𝐷𝐴 is the distance between 

donor and acceptor, 𝜀S is the dielectric constant of the solvent mediating the electron transfer event 

(𝜀S (1,4-dioxane) = 2.25), and 𝜀SP is the dielectric constant of the electrochemical solvent (𝜀SP 

(CH2Cl2) = 8.93). Using ES = 2.06 eV for 1*ZnTPP and distances taken from MM+ calculations, 

this equation gives the charge-separation free energy changes for ZnTPP-PDI, ZnTPP-PDI2, and 

ZnTPP2-PDI3 as ΔGCS = -0.44, -0.43, and -0.46 eV, respectively. This calculation suggests that 

charge separation is slightly more favorable for charge injection directly into the trimer than it is 

for the dimeric and monomeric PDI acceptors. However, the charge separation rate also depends 

on the reorganization energy, λ. We estimated λ using the dielectric continuum model of the 

solvent (λS  0 for 1,4-dioxane) and DFT calculations on the ion pairs in ZnTPP2-PDI3 to be 

approximately 0.31 eV, compared to 0.33 eV for the dimer acceptor. With this reorganization 

energy, the charge separation process lies in the Marcus inverted region, and the small increase in 

ΔGCS for the trimeric acceptor may indicate a lowered rate of charge transfer according to 

Equation 3.1. Details of this analysis are given in the Supplementary Information. 
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3.3.2. Femtosecond Transient Visible Absorption Spectroscopy 

The ground-state absorption spectrum of ZnTPP2-PDI3 in 1,4-dioxane (shown in black) 

displays a maximum absorption at 414 nm corresponding to the Soret band of ZnTPP129 and broad 

features from 450-575 nm resulting from overlapping absorptions of the cofacially oriented 

PDIs130, 131 (Figure 3.2A). The absorption bands of the PDIs are reminiscent of H-aggregates, 

expected by the structurally enforced cofacial overlap of the chromophores and evidenced by the 

increase in the ratio of the 1-0/0-0 vibronic bands compared to the absorption spectrum of a 

monomer PDI, N,N-(2,6-diisopropylphenyl)PDI (shown in blue), also seen in the three-acceptor 

model compound Ar2-PDI3 (Figure 3.8). The lowest-energy band peak at 590 nm corresponds to 

the lowest energy Q-band of the ZnTPP chromophore, also seen in the absorption spectrum of 

ZnTPP (shown in red).129 The PDI absorption is negligible at 590 nm, which permits selective 

photoexcitation of the ZnTPP chromophore. From the relative intensities of the Q bands, there is 

no obvious aggregation between ZnTPP chromophores.  
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Figure 3.2. A) Steady-state absorption spectra in 1,4-dioxane. B) fsTA spectra for ZnTPP2-PDI3 in 1,4-

dioxane following excitation at 590 nm (~120 fs, 900 nJ/pulse). The values of ΔA for the near-IR features 

are expanded by a factor of 4. 
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The transient absorption spectra of ZnTPP2-PDI3 in 1,4-dioxane (Figure 3.2B) show that 

its excited-state dynamics closely resemble those of the previously studied ZnTPP-PDI2. At early 

times, we observe excited-state absorption (ESA) corresponding to the ZnTPP S1 state (1*ZnTPP) 

with broad features spanning 460-1000 nm as well as a near-IR ESA peak at 1250 nm and a 

stimulated emission (SE) feature at 650 nm.132 The rapid decay of the 1*ZnTPP ESA and SE 

features is accompanied by the formation of PDI•- absorptions at 700, 790, and 975 nm and a PDI 

ground-state bleach at 490 nm, which indicates formation of the radical ion pair, ZnTPP•+-PDI•-

.133, 134 The PDI•- features appear broadened relative to those of monomeric PDI•-, which has 

previously been attributed to fast anion delocalization over a cofacial two-acceptor system.44  

Qualitatively, the absorption band at 700 nm corresponding to the delocalized PDI•- is 

similar in shape to the same band in ZnTPP-PDI2 and appears at similar times. The radical ion 

pair then undergoes charge recombination primarily to the ground state as indicated by the 

disappearance of PDI•- absorption features, although a small amount of 3*PDI is observed at long 

times. Global fitting of the fsTA spectra was performed at several selected wavelengths using a 

kinetic model in which the population of 1*ZnTPP is depleted by formation of the charge-separated 

state with a rate k1 (1.3 × 1011 s-1), followed by charge recombination to the ground state and to 

3*PDI with an observed rate kCR = k2 + k3 (5.0 × 108 s-1).  
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Figure 3.3. Evolution-associated spectra (left) and corresponding Jablonski diagram extracted from the fsTA 

spectra for ZnTPP2-PDI3 in 1,4-dioxane following excitation at 590 nm (~120 fs, 900 nJ/pulse). 
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The evolution-associated spectra (EAS) are given in Figure 3.3 alongside a Jablonski 

diagram depicting the transitions in this system, while the corresponding kinetic fits to several 

wavelengths are given in Figure 3.9A. The EAS clearly show the transition from 1*ZnTPP-PDI 

to the radical ion pair ZnTPP•+-PDI•- followed by the persistence of ZnTPP- 3*PDI at long times. 

The contribution of 3*PDI is minor, and so the value for kCR is dominated by recombination to the 

ground state (kCR ≈ k2). Importantly, the measured kCS value for ZnTPP2-PDI3 (1.3 ± 0.1 × 1011 s-

1) is statistically identical to that previously reported for ZnTPP-PDI2 (1.3 ± 0.1 × 1011 s-1),44 

despite the small difference in DGCS. The lack of further enhancement suggests that the third 

acceptor in ZnTPP2-PDI3 is interacting electronically in a different manner compared to the two 

acceptors in ZnTPP-PDI2.  

3.3.3. Femtosecond Transient Infrared Spectroscopy 

The ground-state FTIR spectrum of ZnTPP2-PDI3 is given in Figure 3.4A. The feature at 

1560 cm-1 is attributed to C=C stretching in ZnTPP135-137 while the broad peak at 1637 cm-1 results 
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Figure 3.4. The A) steady-state FTIR spectrum and B) fsIR spectra at selected time points for ZnTPP2-PDI3 in 

1,4-dioxane following excitation at 590 nm. 
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from the PDI C=C stretching modes and the ZnTPP stretching mode at about 1600 cm-144, and the 

sharp peaks at 1707 and 1721 cm-1 originate from the PDI C=O stretching modes.44 

The degree of delocalization can be further probed using fsIR spectroscopy. The steady-

state IR spectra of ZnTPP and ZnTPP•+ do not have significant absorptions from ca. 1600-1800 

cm-1, and the change in absorption upon oxidation of ZnTPP at 1597 cm-1 is negligible. This allows 

direct observation of the changes in the IR transitions of PDI and PDI-•. The time-resolved IR 

spectra of ZnTPP2-PDI3 are shown in Figure 3.4B and the global kinetic fits are given in Figure 

3.9B. Photoexcitation results in the appearance of two bleach features at 1638 cm-1 and 1725 cm-

1 which is accompanied by the rise of two broad ESA features centered at 1585 cm-1 and 1692 cm-

1. The broad peaks at 1585 cm-1 and 1692 cm-1 are assigned to the C=C and C=O stretches of PDI•-

, respectively. The slight shift to higher frequencies observed after 5 ps may indicate electron 

transfer to a delocalized orbital between the PDIs. The shift is smaller than that observed in 

ZnTPP-PDI,44 since the electron density is shared between at least two molecules and the 

subsequent weakening of the PDI C=O π bonds by PDI•- formation is diminished.  

3.4. Discussion 

The transient visible and IR absorption data for ZnTPP2-PDI3 show that its photophysics 

are analogous to those of ZnTPP-PDI2 and that increasing the number of acceptors in the system 

from two to three has a negligible effect on kCS. Neither ΔGCS
 (-0.46 eV) nor λ (0.31 eV) change 

dramatically upon addition of the third PDI, and as discussed above, the small change in ΔGCS 

predicts a slight decrease in CS rate instead of the observed similar rate compared to the dimer. 

Therefore, there must be other factors influencing the CS dynamics, although with only minor 

contributions from the third PDI unit. It is possible that the diminished CS rate predicted by Marcus 
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theory is being compensated by an additional electron transfer pathway to the distal PDI or through 

enhanced delocalization of the acceptor state; these scenarios are discussed below. 

  The lack of further substantial rate enhancement in ZnTPP2-PDI3 suggests that the 

electronic coupling of the third distal PDI to 1*ZnTPP must be weak. If we take the electron transfer 

to only involve PDI-centered (localized) acceptor orbitals, then the total observed electron transfer 

rate can be expressed as the sum of individual rates from 1*ZnTPP to each localized state. These 

contributing pathways are shown schematically in Figure 3.5. Pathways I and II are discussed at 

length in our previous work44 and have rate constants of kI = 8.1 × 108 s-1, and kII = 1.0 × 108 s-1, 

respectively. The ~8-fold decrease between the proximal and intermediate PDI acceptors suggests 

that the transfer to the distal PDI should be even slower, owing to the reduced donor-acceptor 

electronic coupling, as the differences in ΔGCS between each donor-acceptor pair are insignificant 

(vide supra). The distance dependence of the electronic coupling for through-space electron 

transfer varies as 𝑒−𝛽𝑟, where β is the damping factor (2-3 Å-1).138 MM+ force field calculations 

estimate the center-to-center distance to the third, distal PDI to be ca. 22 Å from the 1*ZnTPP 

donor, compared to a donor-acceptor distance of 14.8 Å in ZnTPP-PDI2.44 Thus, the through-

ZnTPP2-PDI3 

Figure 3.5. Schematic of electron transfer pathways available in ZnTPP2-PDI3. Rates kI and kII are taken 

from reference 36. Rate constant kIII is expected to be negligible due to the large spatial separation and number 

of bonds between the ZnTPP donor (red disk) and PDI acceptors (blue plates). 
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space contribution to the CS rate in ZnTPP2-PDI3 is likely negligible. While through-bond 

interactions experience significantly lower damping (b ~ 0.5/bond), the larger number of bonds 

between 1*ZnTPP and the third distal PDI in ZnTPP2-PDI3 ensures that this contribution will be 

similarly negligible. Thus, we do not expect direct electron injection into the distal PDI (kIII ~ 0) 

to enhance the overall observed rate. 

 

Therefore, as with ZnTPP-PDI2, we observe a rate enhancement beyond what is expected 

from the statistical sum of rates of injection into the localized acceptor states. Electron 

delocalization in the trimer is evidenced by the line broadening observed in both the electronic 

spectra discussed above and is especially prominent in the vibrational spectra. 

A comparison of the fsIR spectra of the different acceptors in the series at times long after 

charge separation is complete is shown in Figure 3.6. The most noticeable difference in the 

substantially increased broadening in ZnTPP2-PDI3 compared to ZnTPP-PDI2 and ZnTPP-PDI. 

Similar to the visible spectra, the broadening of the IR peaks has previously been attributed to 

-1

0

1

2

3

-0.4

0.0

0.4

0.8

1.2

1.6

1680 1650 1620 1590 1560 1530 1500

0.0

1.4

2.8

4.2

Dt = 105 ps

Dt = 100 ps

 ZnTPP-PDI

Dt = 100 ps

D
A

 (
a

rb
. 

u
n

it
s

)

 ZnTPP-PDI
2

Wavenumber (cm
-1
)

 ZnTPP
2
-PDI

3

Figure 3.6. Comparison of the fsIR spectra for ZnTPP-PDI, ZnTPP-PDI2, and ZnTPP2-PDI3 at 100 ps in 

1,4-dioxane (λex = 590 nm). 
 



121 

delocalization of the anion between two chromophores,44 although here the extended peak width 

is likely due to the presence of an additional neutral PDI species. Such peak broadening has also 

been observed in other PDI aggregates139, 140, PDI dimer systems that form excimers,128, 141, 142 and 

in solid films of extended aromatic systems, such as derivatives of tetracene.143 In the solid state, 

this broadening has been attributed to the thermal phonon bath present that can obscure the 

relatively weak and narrow molecular transitions.144 Even though the third PDI unit appears to be 

uninvolved in the charge-transfer dynamics, its influence on the transitions and behavior of its 

neighboring units can still be considerable, as shown in both the time-resolved electronic and 

vibrational spectra. 

This delocalization does not appear to dramatically impact the energy of the SOMO based 

on the reported reduction potentials of ZnTPP-PDI and ZnTPP-PDI2. However, the broadened 

and red-shifted anion absorption features in the fsTA spectra suggest that the energy difference 

between the SOMO and SOMO + 1 is lower in the dimer/trimer compared to the monomer 

acceptor. Specifically, the SOMO → SOMO + 1 transition of PDI•- corresponds to the feature at 

~975 nm in the fsTA spectrum of ZnTPP2-PDI3 (Figure 2B), which shows no further shift to 

lower energy wavelengths, indicating no significant change in the SOMO + 1 energy. This 

suggests that the PDI SOMO + 1 and 1*ZnTTP states can mix and enhance the overall donor-

acceptor coupling via superexchange. In this formalism, the electronic coupling is described by 

Equation 3.3 where 1*ZnTPP (D) 

                   𝑉𝐷𝐴 =
𝑉𝐷𝐵𝑉𝐵𝐴

∆𝐸𝐷𝐵
                                       (3.3) 

 mixes with the SOMO+1 (B) and SOMO (A) of the PDI acceptors.44 Delocalization of the orbitals 

lowers the energy of the anion excited state (SOMO + 1) and thus increases the effective coupling 
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between the donor and acceptors and enhances the charge separation rate. Since no further 

substantial rate enhancement beyond that observed in ZnTPP-PDI2 is seen, we conclude that the 

degree of delocalization in ZnTPP2-PDI3 is quite similar, and that the electron density is confined 

mostly within a dimer unit. It is likely that this dimer unit is comprised of the PDI pair closest to 

the ZnTPP cation owing to the broken electrostatic symmetry. 

  The lifetime of the charge-separated states in this series gives some indication of how the 

partially delocalized anion is influenced by neighboring PDI sites. The charge recombination rate 

constant (k3 = 5.0 × 108 s-1) in ZnTPP2-PDI3 is smaller than the corresponding values in ZnTPP-

PDI2 (kCR = 7.1 × 108 s-1) and ZnTPP-PDI (kCR = 9.7 × 108 s-1). The slightly lower ion pair energies 

(vide supra) do not track with the trend in recombination rates, which indicates that this is not 

simply an effect of the ΔGCR for charge recombination. The decrease in recombination rate with 

increasing number of PDI units may imply that the electron density can hop between PDI dimers 

in ZnTPP2-PDI3. Electron hopping in PDI assemblies can occur with rates >107 s-1 such that if 

hopping of this magnitude occurs in competition with recombination, the lifetime of the charge-

separated state can be moderately extended.145 While the PDI trimer unit in ZnTPP2-PDI3 appears 

insufficient for the electron to migrate far enough away prior to recombination to break the 

Coulomb barrier and produce a free carrier, the hopping process may provide such a pathway in 

the limit of extensive aggregation present in the solid state. 

Despite the lack of large CS rate enhancement and the relatively short CS lifetime observed 

in this extended, one-dimensional PDI aggregate, both rapidly forming (<ps) and long-lived (~ms) 

charge-separated states in PDI aggregates have been observed previously. Logsdon et al.36 and 

Hartnett et al.35 have observed the formation of long-lived charge carriers in ordered oligomeric 
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films of donor-acceptor dyads and triads incorporating cofacial PDIs, implying that charge 

delocalization across more than two PDIs is possible in the presence of strong acceptor-acceptor 

interactions. As a result, upon photoexcitation, charge transfer from a donor to the PDI acceptor 

occurs into a series of potentially delocalized states formed by the interactions of several PDIs. 

The disorder present in films assists in this process as the energetic barrier to movement of the 

electron is far lower in a high-entropy system. In contrast, the xanthene spacers between the PDIs 

in ZnTPP2-PDI3 prevent the PDI molecules from achieving optimal - stacking. The interplanar 

distance between each PDI molecule can be as large as 4.5 Å and rotations about the single bonds 

joining the PDIs to the xanthene spacers are required to achieve van der Waals stacking, which in 

turn, slips the short axes of the PDIs relative to one another. This observation supports the idea 

that the rigidity and accompanying low entropy of the structure in this study is preventing the 

chromophores from interacting in such a way that allows the electron to transfer into a fully 

delocalized orbital of three PDIs. Instead, delocalization of the anion still occurs between two PDIs 

as discussed above. 

The interaction between molecular acceptor units is a prelude to the formation of a high 

density of states (DOS) arising from the coupling of individual molecular states in a solid 

medium20, 30 and provides a framework for understanding why additional PDI acceptors in this 

geometry do not further increase the rate of charge separation to the same extent that other -

stacked PDI systems as well as ITIC derivatives have been shown to do.32, 125, 146-148 Restricting 

the interactions of the PDIs using the xanthene spacer groups limits the coupling necessary to form 

a quasi-continuous band. Moreover, PDI only has a single LUMO level, which intrinsically limits 

how individual PDIs can couple to one another. In contrast, fullerenes have a threefold degenerate 
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LUMO which creates a corresponding increase in the number of pathways for electron transfer124 

and leads to a more rapid generation of band structure upon aggregation. Furthermore, the spherical 

structure and thus high symmetry of fullerenes enables the individual molecules to couple 

isotropically, which will dramatically increase the number of possible interactions.20, 26, 30, 124 In 

this way, fullerenes have a high DOS within a cluster on the order of tens of nanometers that are 

encountered in OPVs,20 whereas the density in one-dimensional -stacked chromophores is 

limited. As a result, the path forward to observing electron transfer to an analogous band structure 

in non-fullerene acceptors requires increasing the degree of isotropic coupling between acceptors 

as well as the number of pathways available in the acceptors. 

3.5. Conclusions 

We have shown here that increasing the acceptor aggregate size of a donor-acceptor 

scaffold does not necessarily lead to an increase in the rate of photoinduced charge separation. 

Ultrafast time-resolved visible and mid-infrared spectroscopies show that the rate of charge 

separation in ZnTPP2-PDI3 is nearly identical to those of ZnTPP-PDI2, and the rate of charge 

recombination is decreased by ca. 30%. Accounting for ΔGCS and λ in a Marcus framework points 

to similar electronic interactions of two PDI acceptors in both molecules, a conclusion that is 

qualitatively supported by the differential pulse voltammetry experiments indicating weak 

coupling to the distal PDI. As a result, covalent attachment of the ZnTPP donor to a single point 

on the PDI acceptor stack is insufficient to access a lower energy pathway for electron transfer in 

the three-acceptor model. These results imply the necessity of designing organic semiconductors 

with stronger electronic coupling in their anionic states, while at the same time avoiding excimer 

formation in their excited states. The initial extensive exciton delocalization observed in PDI 
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aggregates discussed previously suggests that delocalization over more than two chromophores is 

possible but may require a noncovalent method or a higher degree of symmetry and structural 

flexibility to observe. Thus, we are working towards designing several model oligomers 

incorporating two or more PDI cores through different bonding and organizational motifs to 

expound this discussion. 
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3.6. Supplementary Information. 

3.6.1. Synthesis

 
Scheme 3.1. Synthetic Scheme for ZnTPP2-PDI3. 



127 

 

3: Compound 3 was synthesized according to a modified literature procedure149. 

To a 25 mL round-bottom flask charged with a magnetic stir bar were added 1 (283 mg, 0.803 

mmol), 2 (150 mg, 0.382 mmol), Zn(OAc)2 • 2H2O (59 mg, 0.268 mmol), and distilled quinoline 

(13 mL). The mixture was stirred for 5 min at rt and then bubbled with N2 for 10 min. The reaction 

was then stirred at 200 oC for 20 h. After cooling to rt, most of the quinoline was removed via 

vacuum distillation. The resulting red solid was dissolved in CH2Cl2, the resulting solution washed 

with 1M HCl, dried over anhyd. Na2SO4, filtered, and the solvent was removed in vacuo. Column 

chromatography (silica gel, 0.5-0.75% MeOH in CH2Cl2), followed by further column 

chromatography (silica gel, 1-1.5% acetone in CHCl3) afforded 3 as a dark red solid (109 mg, 

27%). Spectral data were in agreement with previously reported data149.  
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5: Compound 5 was synthesized according to a modified literature procedure150. 

To a 250 mL round-bottom flask charged with a magnetic stir bar were added 4 (5.00 g, 7.66 

mmol), p-TsOH • H2O (4.37 g, 23.0 mmol), toluene (20 mL), and n-heptane (102 mL). The 

reaction was brought to reflux under air and monitored via TLC until 4 was fully consumed (ca. 

30 min). At this point, the reaction was immediately removed from heat and allowed to cool to rt. 

The precipitate was collected by filtration and washed with MeOH and H2O, affording 5 (3.86 g, 

96%) as a bright red solid. Spectral data were in agreement with previously reported data150. 

 

7: To a 10 mL screw cap vial charged with a magnetic stir bar were added 5 (130 mg, 0.249 mmol), 

6 (181 mg, 0.261 mmol), Zn(OAc)2 • 2H2O (8 mg, 0.037 mmol), and DMF (5 mL). The reaction 

vessel was sealed with PTFE tape, sonicated for 5 min, and evacuated and then backfilled with N2 

three times at 30 second intervals before being stirred at 140 oC for 18 h. The reaction mixture was 

cooled and the solvent was removed in vacuo. Column chromatography (silica gel, 0.1% MeOH 

in CHCl3) followed by further column chromatography (silica gel, 0.5% acetone in CH2Cl2) 

afforded 7 (212 mg, 71%) as a dark purple solid. 1H NMR (500 MHz, CDCl3): δ 9.15 (d, J = 4.3 

Hz, 2H), 8.98 (d, J = 4.6 Hz, 2H), 8.95 (s, 4H), 8.48 (d, J = 7.5 Hz, 2H), 8.43 (d, J = 7.5 Hz, 2H) 

8.26-8.22 (m, 8H), 8.14 (d, J = 7.9 Hz, 2H), 8.00 (d, J = 7.6 Hz, 2H), 7.82-7.70 (m, 11H), 4.32 (t, 
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J = 7.0 Hz, 4H), 1.86-1.78 (m, 4H), 1.58-1.48 (m, 4H), 1.04 (t, J = 7.3 Hz, 6H). 13C NMR (125 

MHz, CDCl3): δ 168.1, 163.7, 150.2, 150.12, 150.10, 143.1, 142.8, 135.5, 135.3, 134.7, 134.5, 

132.2, 132.1, 132.0, 131.9, 131.7, 131.5, 130.2, 129.2, 129.0, 128.8, 127.5, 126.9, 126.6, 125.7, 

122.6, 121.9, 121.6, 121.20, 121.17, 120.0, 65.6, 53.4, 30.6, 19.3, 13.8. APPI HRMS m/z calcd. 

for C76H54N5O6Zn (M + H)+ 1196.3360, found: 1196.3345. 

 

8: To a 50 mL round-bottom flask charged with a magnetic stir bar were added 6 (100 mg, 0.083 

mmol), p-TsOH • H2O (238 mg, 1.25 mmol), and toluene (8 mL). The mixture was stirred at 100 

oC under air for 18 h. The reaction mixture was then cooled to rt, concentrated in vacuo and washed 

thoroughly with H2O.The resulting green solid was used without further purification. 
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ZnTPP2-PDI3: To a 25 mL round-bottom flask charged with a magnetic stir bar were added 3 (31 

mg, 0.029 mmol), 8 (73 mg, 0.073 mmol), Zn(OAc)2 • 2H2O (16 mg, 0.073 mmol), and distilled 

quinoline (3 mL).  The mixture was bubbled with N2 for 10 minutes and additional quinoline (0.5 

ml) was added. The reaction was stirred at 150 oC for 120 h. Most of the quinoline was removed 

via vacuum distillation. The purple residue was dissolved in CH2Cl2, washed with distilled H2O, 

dried over anhyd. Na2SO4, filtered, and the solvent was removed in vacuo. Column 

chromatography (silica gel, 1.5% MeOH in CHCl3) followed by further column chromatography 

(silica gel, 6% acetone in CHCl3, followed by size-exclusion chromatography (BioBeads SX-3, 

CHCl3) afforded ZnTPP2-PDI3 (10 mg, 3.2% over two steps) as a dark purple solid. 1H NMR 

(600 MHz, C2D2Cl4, 393.5 K): δ 9.16 (d, J = 4.0 Hz, 4H), 9.08 (d, J = 4.0 Hz, 4H), 9.05-9.00 (m, 

8H), 8.59 (d, J = 7.3 Hz, 4H), 8.36 (d, J = 6.5 Hz, 8H), 8.31 (d, J = 6.1 Hz, 4H), 8.27 (d, J = 7.3 

Hz, 4H), 8.11 (d, J = 7.3 Hz, 4H), 8.05-7.98 (m, 12H), 7.91-7.78 (m, 20H), 7.75 (d, J = 8.0 Hz, 

4H), 7.65 (d, J = 7.0 Hz, 4H), 7.51 (s, 2H), 7.48 (s, 2H), 6.91 (s, 2H), 1.70 (s, 6H), 1.45 (s, 6H), 
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1.36 (s, 18H), 1.32 (s, 18H). APPI HRMS m/z calcd. for C206H134N14O14Zn2 (M)+ 3154.8790, 

found: 3154.8780. 
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Scheme 3.2. Synthetic scheme for Ar2-PDI3. 
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11: To a 50 mL round-bottom flask charged with a magnetic stir bar were added 10 (812 mg, 3.71 

mmol), Pd2(dba)3 (91 mg, 0.099 mmol), SPhos (81 mg, 0.198 mmol), and K3PO4 (1.57 g, 7.41 

mmol). The mixture was bubbled with N2 for 20 min before adding toluene (25 mL) that had been 

separately bubbled with N2 via cannula transfer. 9 (700 mg, 2.47 mmol, 0.63 ml) was added 

dropwise via syringe. The mixture was then bubbled with N2 for an additional 10 min before 

stirring at 105 oC for 18 h. The reaction mixture was cooled to rt and filtered through a thin pad of 

silica gel (toluene), and the solvent was removed in vacuo. Column chromatography (silica gel, 

50% CH2Cl2 in hexanes) afforded 12 (546 mg, 39%) as a white solid. 1H NMR (500 MHz, DMSO-

d6): δ 9.38 (s, 1H), 7.48 (d, J = 8.1 Hz, 2H), 7.02 (s, 2H), 7.00 (s, 1H), 2.93-2.83 (m, 1H), 2.66-

2.62 (2H, obscured), 1.49 (s, 9H), 1.23 (d, J = 7.0 Hz, 6H), 1.02 (d, J = 6.9 Hz, 12H). 13C NMR 

(125 MHz, DMSO-d6): δ 152.9, 147.3, 146.1, 138.0, 136.6, 133.7, 129.5, 120.0, 117.9, 79.0, 33.6, 

29.7, 28.1, 24.1, 23.9. ESI HRMS m/z calcd. for C26H37NO2 (M)+ 395.2819, found: 395.2816.  

 

12: To a solution of 11 (550 mg, 1.39 mmol) in CH2Cl2 (11 mL) in a round-bottom flask charged 

with a magnetic stir bar was added TFA (3 ml) dropwise via syringe. The mixture was stirred at rt 

under air for 1 h before quenching with 1M K2CO3 solution. The solvent was removed in vacuo, 

and the precipitate was suspended in H2O and collected by filtration before washing with 
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additional H2O. 12 (411 mg, quant.) was afforded as a white solid. 1H NMR (500 MHz, DMSO-

d6): δ 7.12 (s, 4H), 7.04 (s, 2H), 3.70 (br s, 2H), 2.94-2.84 (m, 1H), 2.54-2.45 (2H, obscured), 1.23 

(d, J = 7.0 Hz, 6H), 1.02 (d, J = 7.0 Hz, 12H). 13C NMR (125 MHz, DMSO-d6): δ 147.6, 146.0, 

136.2, 130.4, 120.1, 119.7, 33.6, 29.8, 24.0, 23.9. ESI HRMS m/z calcd. for C21H30N (M + H)+ 

296.2373, found: 296.2364. 

 

13: To a 10 mL sealed pressure vial charged with a magnetic stir bar were added 5 (210 mg, 0.402 

mmol), 12 (148 mg, 0.502 mmol), Zn(OAc)2 • 2H2O (13 mg, 0.060 mmol), and DMF (6 mL). The 

reaction vessel was sealed with PTFE tape, sonicated for 5 min, evacuated and backfilled with N2 

three times at 30 sec intervals before being stirred at 150 oC for 72 h. The reaction mixture was 

cooled and the solvent was removed in vacuo. Column chromatography (silica gel, 1.5% MeOH 

in CHCl3) afforded 13 (278 mg, 86%) as a bright red solid. 1H NMR (500 MHz, CDCl3): δ 8.69 

(d, J = 8.0 Hz, 2H), 8.53 (d, J = 8.0 Hz, 2H), 8.48 (d, J = 8.0 Hz, 2H), 8.12 (d, J = 8.0 Hz, 2H), 

7.37 (s, 4H), 7.08 (s, 2H), 4.34 (t, J = 6.7 Hz, 4H), 2.99-2.90 (m, 1H), 2.79-2.69 (m, 2H), 1.83-

1.74 (m, 4H), 1.53-1.44 (m, 4H), 1.31 (d, J = 7.0 Hz, 6H), 1.12 (d, J = 6.9 Hz, 12H), 0.99 (t, J = 

7.4 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 168.2, 163.9, 148.1, 146.7, 141.3, 136.2, 136.0, 

133.6, 132.12, 132.11, 131.8, 130.6, 130.4, 129.7, 129.3, 129.2, 128.1, 126.3, 122.8, 122.3, 122.1, 

120.7, 65.6, 34.3, 30.6, 30.3, 24.4, 24.1, 19.3, 13.8. APPI HRMS m/z calcd. for C53H54NO6 (M + 

H)+ 800.3946, found: 800.3928. 
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14: To a 25mL round-bottom flask charged with a magnetic stir bar was added 13 (210 mg, 0.263 

mmol), p-TsOH • H2O (0.268 mg, 1.13 mmol), and toluene (26 ml). The mixture was stirred at 

100 oC under air for 18 h. The reaction mixture was then cooled to rt, and the solvent was removed 

in vacuo. The precipitate was suspended in H2O, collected by filtration, washed with H2O and 

MeOH and dried. The resulting dark red solid was used without further purification. 

 

Ar2-PDI3: To a 25 mL round-bottom flask charged with a magnetic stir bar was added 3 (100 mg, 

0.094 mmol), 14 (142 mg, 0.217 mmol), Zn(OAc)2 • 2H2O (10 mg, 0.047 mmol), imidazole (10.9 

g, 160 mmol), and toluene (2 mL). The mixture was purged with N2 for 10 min before stirring at 

140 oC for 36 h. The reaction was removed from heat and 1M HCl (5 mL) was added. The reaction 

was then cooled to rt, dissolved in CH2Cl2, washed with distilled H2O, dried over anhyd. Na2SO4, 

filtered, and the solvent was removed in vacuo. Column chromatography (silica gel, 1.5% MeOH 
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in CHCl3), followed by further column chromatography (silica gel, 2-10% acetone in CHCl3) 

afforded Ar2-PDI3 (70 mg, 13.2% over two steps) as a dark red solid. 1H NMR (600 MHz, 

C2D2Cl4, 373.5 K): δ 8.50 (d, J = 7.4 Hz, 4H), 8.38 (d, J = 7.8 Hz, 2H), 8.29 (d, J = 7.8 Hz, 2H), 

8.06 (d, J = 7.7 Hz, 4H), 7.97-7.90 (m, 12H), 7.77-7.73 (m, 4H), 7.67-7.63 (m, 4H), 7.61-7.59 (m, 

2H), 7.58-7.53 (m, 2H), 7.25-7.19 (m, 4H), 7.14 (s, 2H), 6.88 (d, J = 2.0 Hz, 2H), 3.07-3.01 (m, 

2H), 2.88-2.79 (m, 4H), 1.89 (s, 6H), 1.45 (s, 6H), 1.42 (d, J = 7.0 Hz, 18H), 1.41-1.33 (m, 36H), 

1.23 (d, J = 6.7 Hz, 18H). APPI HRMS m/z calcd. for C160H135N6O14 (M + H)+ 2364.0036, found: 

2364.0018. 

3.6.2. Marcus Analysis 

3.6.2.1. Differential Pulse Voltammetry of Ar2-PDI3

 

Electron transfer processes for small molecules in solution such as ZnTPP2-PDI3 can be evaluated 

using the semi-classical Marcus electron transfer model, where the rate of electron transfer, kCS, 

Figure 3.7. Differential pulse voltammogram for Ar
2
-PDI

3
 in CH

2
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2
 referenced to the ferrocene/ferrocenium 
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depends on the reorganization energy λ, the driving force for charge transfer , and the 

electronic coupling V44, 92: 

kCS =
2π

ℏ
|V|2 1

√4πλkBT
e

-
(λ+ΔGCS)

2

4λkBT       (3.1) 

3.6.2.2. Free Energy Changes  

The driving force  is given by the equation developed by Weller90: 

          ∆GCS = ES- [e(Eox-Ered)-
e2

rDAεS
+ e2 (

1

2rD
+

1

2rA
) × (

1

εS
-

1

εSP
)]       (3.4) 

where 𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 are the first oxidation and reduction potentials of the electron donor and 

electron acceptor, respectively; 𝑟𝐷 and 𝑟𝐴 are the donor and acceptor radii, 𝑟𝐷𝐴 is the distance 

between donor and acceptor, 𝜀S is the dielectric constant of the solvent mediating the electron 

transfer event (𝜀S (1,4-dioxane) = 2.25), and 𝜀SP is the dielectric constant of the electrochemical 

solvent (𝜀SP (CH2Cl2) = 2.25). CH2Cl2 was chosen as the electrochemical solvent for its ability to 

dissolve sufficient material and supporting electrolyte needed for accurate measurements. MM+ 

force field calculations estimate 𝑟𝐷𝐴 = 16.1 Å by averaging the distances between the donor and 

each of the three acceptors (A1-A3), 𝑟𝐷𝐴 =  
𝑟𝐷𝐴1+𝑟𝐷𝐴2+𝑟𝐷𝐴3

3
. 𝑟𝐷 (ZnTPP) = 𝑟𝐴 (PDI) = 7 Å as 

determined for model systems of both chromophores151, 152. From these values,  (ZnTPP2-

PDI3) = -0.46 eV. 

3.6.2.3. Reorganization Energy  

The reorganization energy λ can be broken down into two components,  , where  is the 

internal reorganization energy and  is the solvent contribution. The solvent reorganization energy 

 is estimated using the dielectric continuum model92, 93: 

                                        λS = e2 (
1

2rD
+

1

2rA
-

1

rDA
) × (

1

εop
-

1

εS
)       (3.5) 
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where e is the charge of an electron, and 𝜀op and 𝜀S are the high-frequency and static dielectric 

constants of the solvent, respectively. For 1,4-dioxane, 𝜀op = 1.97 and 𝜀S = 2.25 at room 

temperature. Using the values for these parameters given above, λS = 0.07 eV. The internal 

reorganization energy λI can be calculated using DFT methods (see below), using153  

 = E(anion at optimized neutral geometry) – E(optimized anion)  (3.6) 

PDI3 (see below) with phenyl groups substituted in places of the porphyrins was used to reduce 

computational time. For PDI3,   = 0.10 eV. Using these values, plus  = 0.14 eV for the oxidation 

of ZnTPP154,  = 0.24 eV and 0.31 eV. 

3.6.3 Additional Steady-State Optical Data and Global Analysis 

 
Figure 3.8. Normalized UV-Vis absorption spectrum for Ar

2
-PDI

3
 in CH

2
Cl

2
. 

400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

UV-Vis

A
b

s
o

rb
a
n

c
e
 (

n
o

rm
a
li
z
e
d

)

Wavelength (nm)

 Ar
2
-PDI

3



139 

 

3.6.4. Computational Data 

The total energy in hartrees (1 hartree = 27.2114 eV) was computed at the B3LYP-D3/6-31+G(d) 

level of theory using TeraChem 4.4 as previously reported44.  
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Figure 3.9. Global fit at several wavelengths using the kinetic model described in the main text for the A) fsTA 

spectra of ZnTPP2-PDI3 in 1,4-dioxane and B) fsIR spectra of ZnTPP2-PDI3 in 1,4-dioxane. 
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     C     2.3027759925  -12.0022247139   -0.7538125869 

     C     2.8394673437  -11.1087673381    0.1997487554 

     C     2.8126777942   -9.7044768279   -0.0444400503 

     C     3.3765157943  -11.6156203025    1.4045747717 

     C     3.8375358022  -10.7358456180    2.3683905477 

     C     3.7889104128   -9.3550492255    2.1500031594 

     N     2.8960153882   -2.7162979025   -1.4032933955 

     C     2.1905972046  -13.4407766404   -0.4546479907 

     N     2.8910304266  -13.9118711374    0.6745698823 

     C     3.4783553381  -13.0763990333    1.6447014324 

     O     3.8527460390   -2.3464494910    0.6428862901 

     O     1.7989978534   -3.0978845343   -3.3737697032 

     O     1.5268190561  -14.1948667579   -1.1503901379 

     O     4.0321158458  -13.5356744222    2.6299317450 

     C     3.6301899189  -17.4255972494   -0.2689569291 

     C     3.5799954792  -16.0377015710   -0.2618317315 

     O     4.0460980716  -15.2608094100   -1.2807314450 

     C     4.6809244949  -15.8482585253   -2.3316064694 

     C     4.7350268497  -17.2282036954   -2.5187753147 

     C     4.1390300312  -18.1945828391   -1.4917661532 

     C     3.1521465395  -18.0885150392    0.8715441351 

     C     2.6326933905  -17.4197857778    1.9822959531 

     C     2.5550823421  -16.0196336093    1.9246100053 

     C     3.0077055827  -15.3386615650    0.8089144330 

     C     5.3156904442  -14.9732060421   -3.2140283364 

     C     5.9539479185  -15.4624282986   -4.3464377584 

     C     5.9809234684  -16.8362698959   -4.6066495435 

     C     5.3765609869  -17.6873883122   -3.6713415506 

     C     2.9500378853  -18.9493299021   -2.1327081818 

     C     5.2233691917  -19.2066428899   -1.0582928727 

     C     6.6653519261  -17.4339898038   -5.8430833669 

     C     7.7865935906  -18.3940577616   -5.3910438706 

     C     5.6242263982  -18.2125532850   -6.6753822730 

     C     7.2892954269  -16.3521397841   -6.7403661524 

     C     2.1741364051  -18.1495476767    3.2513947448 

     C     2.1107427258  -19.6722202982    3.0483276448 

     C     3.1873059299  -17.8360373747    4.3740780749 

     C     0.7720135339  -17.6698836135    3.6776419921 

     C     0.1839164081  -11.8089934444    2.4939077377 

     C     0.2800047530  -10.4170168943    2.4011147843 

     C    -0.1644654927   -9.7232564337    1.2758316264 

     C    -0.7156981427  -10.4650528825    0.1857846260 

     C    -0.7892272722  -11.8871978719    0.2789686239 

     C    -0.3506442768  -12.5462616681    1.4522643496 

     C    -1.1913056344   -9.8208772017   -0.9979555668 

     C    -1.6481154919  -10.6129453203   -2.0520932753 

     C    -1.6900045541  -12.0074379446   -1.9625125504 

     C    -1.2854472492  -12.6468790055   -0.8048201258 

     C    -0.0989588679   -8.2610828050    1.1812593612 

     C    -1.2030088865   -8.3556369204   -1.0560676636 

     C    -0.4731428841  -14.0171260099    1.5924970929 

     C    -1.3905811847  -14.1220214179   -0.7209597338 

     C     0.4730327674   -7.4750055768    2.1807698572 

     C     0.4433198412   -6.0781383062    2.1288110641 

     C    -0.1700329820   -5.4314034590    1.0723559077 

     C    -0.7093892849   -6.1867342502    0.0037239166 

     C    -0.6647428871   -7.6128607790    0.0396981446 

     C    -1.3194917062   -5.5227326726   -1.0864696148 

     C    -1.8113995838   -6.2583708287   -2.1493564697 

     C    -1.7443217716   -7.6551605405   -2.1349998977 

     N    -1.0037711487  -14.7102388185    0.5005488070 

     C    -0.3213628756   -3.9581109950    1.1194258529 

     C    -1.5209273097   -4.0543328024   -1.0673594425 

     O    -1.8233127896  -14.8018138329   -1.6339514035 

     O    -0.1394040313  -14.5990805770    2.6154543621 

     O     0.1518273635   -3.2715703564    2.0089205640 

     O    -2.0576177390   -3.4496531510   -1.9793221596 

     C    -1.0989583480  -16.1488229359    0.5893345896 

     C    -2.1558312197  -16.7191147957    1.2937495356 

     C    -2.2636889858  -18.1071953360    1.3615786870 

     C    -1.3174956743  -18.9112487972    0.7225844306 

     C    -0.2599366174  -18.3256618898    0.0250445851 

     C    -0.1425667743  -16.9380521761   -0.0437826523 

     N    -1.1132478744   -3.3901623025    0.1062565146 

     C     5.5177656289   -4.6843020083   -3.0916639175 

     C     5.2011040587   -6.0214539118   -3.3549915429 

     C     5.5209689541   -7.0439779422   -2.4616467055 

     C     6.1416535322   -6.6981791042   -1.2194941426 

     C     6.4164128070   -5.3269023432   -0.9380778192 

     C     6.1323550361   -4.3322455254   -1.9029212143 

     C     6.5016821807   -7.6883874147   -0.2545209482 

     C     7.0690986544   -7.2750127297    0.9519637115 

     C     7.2869285091   -5.9249388539    1.2388370737 

     C     6.9747501500   -4.9526193905    0.3058602853 
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     C     5.2739977907   -8.4589245912   -2.7650446894 

     C     6.2882828142   -9.1023560854   -0.5742024140 

     C     6.5360168939   -2.9261398396   -1.6773691815 

     C     7.2135373704   -3.5284663532    0.6377044779 

     C     4.6523996908   -8.8772194112   -3.9429067104 

     C     4.4733511311  -10.2321820894   -4.2426983083 

     C     4.9238175829  -11.2108361546   -3.3732832898 

     C     5.5355643691  -10.8310815338   -2.1569216759 

     C     5.6984371395   -9.4509388716   -1.8294011591 

     C     6.0080568681  -11.8275280747   -1.2727331439 

     C     6.5403339108  -11.4705289396   -0.0480322130 

     C     6.6578909391  -10.1228298114    0.3008064090 

     N     7.0068078699   -2.6007798083   -0.4022501361 

     C     4.7482541466  -12.6420781361   -3.7286022026 

     C     6.0177777593  -13.2514449187   -1.6661053603 

     O     7.5916143869   -3.1661873799    1.7385935402 

     O     6.4649332841   -2.0822369348   -2.5623046533 

     O     4.1395704552  -12.9982983939   -4.7246668090 

     O     6.5752428461  -14.1049186814   -0.9987010516 

     C     7.3252089447   -1.2166104763   -0.1248165878 

     C     6.3919938860   -0.4124303448    0.5239770495 

     C     6.7325085610    0.9066798534    0.8227647212 

     C     7.9820036924    1.4128301607    0.4618813325 

     C     8.8991705816    0.5999468065   -0.2064673236 

     C     8.5731089231   -0.7238097255   -0.4966927860 

     N     5.3586427486  -13.5773492718   -2.8721510909 

     H     2.2546862025    2.4724529972   -2.0821403381 

     H     4.6341131190   -1.0592398930   -2.6276267256 

     H    -3.3672198334   -2.3706511075    1.0167898092 

     H    -2.3136406272    1.7359886723    0.3353983444 

     H    -0.8626901807    1.4498383610   -2.6875851624 

     H     0.1078765523    2.8900018175   -2.3262737818 

     H    -1.4459644701    2.6512924547   -1.5194594314 

     H     1.0551805242    1.7943380635    1.1856556294 

     H    -0.3057580397    2.8578606018    0.7764789133 

     H     1.2661135355    3.0851694962   -0.0131186013 

     H    -3.4890939600    1.9708794826    2.3610500799 

     H    -3.6113921109    0.5092413809    3.3512385197 

     H    -5.0668537422    1.4607121666    2.9856230957 

     H    -4.4849949713    1.9972437220   -0.0155572165 

     H    -6.0431638469    1.4488169553    0.6168186418 

     H    -5.2325799533    0.5340961122   -0.6731011505 

     H    -4.8667938625   -1.5443467217    2.4733976532 

     H    -5.5120486058   -1.5490029357    0.8176229491 

     H    -6.2455109586   -0.5208744710    2.0567381950 

     H     4.2217892092    3.5669407750   -2.4053065751 

     H     3.2983695772    3.2557039226   -3.8927895538 

     H     5.0289362332    3.6099710557   -3.9781926757 

     H     6.0046042256    1.9085840995   -1.6347763853 

     H     6.7466167574    1.9979207705   -3.2420620318 

     H     6.3163592753    0.4284382357   -2.5433712569 

     H     3.6733224542    1.0709342214   -5.1940906970 

     H     4.9522592542   -0.0492469832   -4.6908431808 

     H     5.3817675434    1.5473025613   -5.3270775791 

     H     1.2374704753   -5.4663427561   -3.8420314054 

     H     1.2243651401   -7.8995212334   -3.4251700530 

     H     4.2826938198   -6.7791338915    2.5111610560 

     H     4.2799380168   -4.3681291836    2.0127180990 

     H     1.4414976746   -9.8172467487   -3.1729177737 

     H     1.4215842077  -12.2298459791   -2.6777482071 

     H     4.2416712657  -11.1412321035    3.2896505258 

     H     4.1518934759   -8.7010686823    2.9336841302 

     H     3.1834898414  -19.1705781147    0.8764266361 

     H     2.1152791529  -15.4526723037    2.7321523397 

     H     6.4295047888  -14.7529892922   -5.0103861902 

     H     5.4105393821  -18.7581263298   -3.8431638730 

     H     2.1654234456  -18.2483587145   -2.4330351464 

     H     2.5221064393  -19.6646403064   -1.4220391340 

     H     3.2733335361  -19.5053092883   -3.0196259239 

     H     6.0837665308  -18.6877136666   -0.6259014025 

     H     5.5708955562  -19.7983354383   -1.9108004066 

     H     4.8299642246  -19.9029156109   -0.3117401252 

     H     7.3980914855  -19.2020702632   -4.7632839871 

     H     8.5470554927  -17.8578640517   -4.8128356243 

     H     8.2741732331  -18.8499201517   -6.2608897183 

     H     5.1658394687  -19.0209799764   -6.0964774975 

     H     6.0986431550  -18.6582764882   -7.5576686622 

     H     4.8234138648  -17.5468154108   -7.0143841403 

     H     8.0683938353  -15.7913060312   -6.2124810795 

     H     6.5370810775  -15.6425602362   -7.1014065751 

     H     7.7524294939  -16.8224489293   -7.6143364544 

     H     3.0934045712  -20.1019528149    2.8226296915 

     H     1.4201388492  -19.9334864150    2.2383589459 

     H     1.7473584602  -20.1498360724    3.9644536140 

     H     4.1901018193  -18.1877808768    4.1064298881 

     H     2.8879307902  -18.3258674141    5.3087734154 

     H     3.2490953316  -16.7583248854    4.5583010089 

     H     0.0353043498  -17.8818472002    2.9006274589 

     H     0.7372718276  -16.5974594898    3.8768111681 

     H     0.4671188048  -18.1919601702    4.5930988569 

     H     0.5220578971  -12.3316084793    3.3817546218 

     H     0.7104727086   -9.8811162276    3.2370513345 

     H    -1.9869696996  -10.1521222814   -2.9720181556 

     H    -2.0496147729  -12.6111100288   -2.7884499099 

     H     0.9543294972   -7.9443279155    3.0294837843 

     H     0.8740218094   -5.4811482506    2.9244559704 

     H    -2.2737654510   -5.7304223811   -2.9761702332 

     H    -2.1659278603   -8.1914884697   -2.9765415204 

     H    -2.8821088702  -16.0775510860    1.7820341790 

     H    -3.0837378362  -18.5587140582    1.9117573704 

     H     0.4793236274  -18.9476094625   -0.4674625415 

     H     0.6723766220  -16.4610082848   -0.5753588037 

     H     5.2933484922   -3.9085294447   -3.8153364713 

     H     4.7106023172   -6.2494209316   -4.2926731367 

     H     7.3510776472   -8.0050354608    1.7004089904 

     H     7.7084902350   -5.6161051800    2.1893263490 
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     H     4.2975879290   -8.1457451812   -4.6585197903 

     H     3.9898282946  -10.5377051407   -5.1641561579 

     H     6.8781291607  -12.2530033200    0.6221426073 

     H     7.0737168990   -9.8849466385    1.2714375788 

     H     5.4210442359   -0.8189637957    0.7788072392 

     H     6.0130228002    1.5411372170    1.3321313408 

     H     9.8688737262    0.9929188814   -0.4969750253 

     H     9.2761775769   -1.3750280137   -1.0060058420 

     H     8.2394688114    2.4425326541    0.6928537780 

     H    -1.4024916256  -19.9931438932    0.7732007025 

Energy at this geometry: 

E(charge = 0) = -6390.9787554406 

E(charge = -1)  =  -6391.0786248221 

PDI3 (-) 

Cartesian Coordinates: 

     C     1.4070363320    0.6674140801   -1.2845675323 

     C     1.6057864578   -0.6993329284   -1.1417011355 

     O     0.6777017462   -1.5562145757   -0.6152584555 

     C    -0.5204007400   -1.0553025559   -0.2146315252 

     C    -0.8249184216    0.3073588790   -0.1976249614 

     C     0.1512392291    1.3517632587   -0.7437230252 

     C     2.4156715160    1.3960956144   -1.9355271792 

     C     3.5807350756    0.8072545364   -2.4291268789 

     C     3.7634546579   -0.5688428291   -2.2062126368 

     C     2.7908419485   -1.3071964843   -1.5633986425 

     C    -1.4608533343   -2.0031861286    0.1839018280 

     C    -2.7004102420   -1.6048112131    0.6633082178 

     C    -3.0313226961   -0.2478577875    0.7459023424 

     C    -2.0773441652    0.6756452324    0.3007082825 

     C    -0.5488011224    2.1325741524   -1.8819361891 

     C     0.5605337809    2.3276133119    0.3840180771 

     C    -4.3740516811    0.2474873074    1.2977040936 

     C    -4.1212505896    1.0897001529    2.5665011335 

     C    -5.0839173847    1.1202061459    0.2400268317 

     C    -5.3124383223   -0.9133476372    1.6651632836 

     C     4.6213813838    1.5748842187   -3.2546272569 

     C     4.2739705977    3.0671436040   -3.3808865102 

     C     6.0171323006    1.4509453222   -2.6123490950 

     C     4.6601264041    0.9592425690   -4.6717030037 

     C     1.6833420177   -5.8637765817   -2.8928269844 

     C     1.6811947481   -7.2327161280   -2.6535580925 

     C     2.2379866309   -7.7763861472   -1.4865379247 

     C     2.7888264451   -6.8919004703   -0.5104545469 

     C     2.7903673246   -5.4848896459   -0.7679930049 

     C     2.2439008764   -4.9870575495   -1.9734395411 

     C     3.3505966161   -7.3805348290    0.7096660353 

     C     3.8672267519   -6.4494079390    1.6284908760 

     C     3.8626733112   -5.0853731190    1.3703027872 

     C     3.3448129696   -4.5909886515    0.1765556194 

     C     2.2668479418   -9.2115712435   -1.2449963456 

     C     3.3824623783   -8.8158656117    0.9505207007 

     C     2.2822484785   -3.5533231211   -2.2912158532 

     C     3.3967179984   -3.1479453402   -0.0916898960 

     C     1.7418342237  -10.1305501813   -2.1674157837 

     C     1.7344795990  -11.4957702019   -1.9147453119 

     C     2.2785177229  -11.9924661134   -0.7361948170 

     C     2.8661099286  -11.1113286939    0.2009509582 

     C     2.8431138908   -9.7018572841   -0.0355079378 

     C     3.4414944790  -11.6248453255    1.3851966006 

     C     3.9738948552  -10.7468623604    2.3260692508 

     C     3.9295910406   -9.3728988845    2.1192939929 

     N     2.9098525951   -2.7228088303   -1.3412604376 

     C     2.1730741250  -13.4251143259   -0.4504615954 

     N     2.8886097556  -13.9000222678    0.6719347221 

     C     3.5181296691  -13.0744703047    1.6293297896 

     O     3.8598613520   -2.3388461083    0.7056849653 

     O     1.8210566686   -3.0795454090   -3.3209630769 

     O     1.5075252301  -14.1915191668   -1.1399994879 

     O     4.0826870614  -13.5584719184    2.6025617974 

     C     3.6235372171  -17.4167853758   -0.2651361107 

     C     3.5785864876  -16.0282126197   -0.2580330124 

     O     4.0662442359  -15.2538028249   -1.2668706394 

     C     4.7003122652  -15.8405005662   -2.3142452248 

     C     4.7420914807  -17.2207834293   -2.5088608626 

     C     4.1450623076  -18.1871357046   -1.4818142554 
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     C     3.1369384268  -18.0788022591    0.8728987424 

     C     2.6167572600  -17.4051199489    1.9795893859 

     C     2.5410525616  -16.0045785640    1.9179017894 

     C     2.9979381200  -15.3236504877    0.8047378337 

     C     5.3440093449  -14.9643951581   -3.1909273593 

     C     5.9728498948  -15.4564145330   -4.3268698483 

     C     5.9838379968  -16.8291604750   -4.5974682468 

     C     5.3754461757  -17.6808315179   -3.6658998427 

     C     2.9674023395  -18.9581176938   -2.1248602185 

     C     5.2363787116  -19.1876279349   -1.0369564533 

     C     6.6462169511  -17.4227386613   -5.8483443844 

     C     7.7435883126  -18.4226814422   -5.4251406853 

     C     5.5796199867  -18.1579141094   -6.6882890114 

     C     7.2939105156  -16.3418245968   -6.7299937171 

     C     2.1616443485  -18.1261758752    3.2549510627 

     C     2.1160753002  -19.6520380370    3.0722069870 

     C     3.1698563815  -17.7896951946    4.3757035454 

     C     0.7532397148  -17.6579073723    3.6732948271 

     C     0.2387073662  -11.8047086408    2.4224802406 

     C     0.3426522446  -10.4184424694    2.3179350826 

     C    -0.1506375198   -9.7242331757    1.2082769344 

     C    -0.7519944447  -10.4669467864    0.1453323337 

     C    -0.8301225120  -11.8897403001    0.2476973639 

     C    -0.3511702185  -12.5452550518    1.4082460732 

     C    -1.2589212378   -9.8236749169   -1.0257685110 

     C    -1.7752621985  -10.6183642643   -2.0568971035 

     C    -1.8181026022  -12.0071392763   -1.9609635214 

     C    -1.3645168898  -12.6492969547   -0.8173860720 

     C    -0.0869702804   -8.2669868885    1.1099402750 

     C    -1.2527197356   -8.3616198016   -1.0940456583 

     C    -0.4848407062  -14.0058776109    1.5640704510 

     C    -1.4578974709  -14.1191372296   -0.7318783350 

     C     0.5194449094   -7.4787313419    2.0914188156 

     C     0.4757316708   -6.0845404020    2.0470788418 

     C    -0.1746526132   -5.4350545624    1.0124496893 

     C    -0.7363967339   -6.1895316278   -0.0467625758 

     C    -0.6877883796   -7.6169897412   -0.0133937154 

     C    -1.3720611979   -5.5269434413   -1.1223231935 

     C    -1.8821489835   -6.2661061486   -2.1788170950 

     C    -1.8136993049   -7.6587131998   -2.1668790654 

     N    -1.0413662795  -14.7017465029    0.4840844739 

     C    -0.3355055590   -3.9689087011    1.0722413559 

     C    -1.5793078375   -4.0637919203   -1.0969238532 

     O    -1.9116853294  -14.8120901764   -1.6289738041 

     O    -0.1452760062  -14.5938072817    2.5854890890 

     O     0.1338367651   -3.2756780667    1.9610249684 

     O    -2.1464558045   -3.4530648269   -1.9897319530 

     C    -1.1213075880  -16.1382795388    0.5750252336 

     C    -2.1690373491  -16.7220076846    1.2828269101 

     C    -2.2610056806  -18.1111576231    1.3534566263 

     C    -1.3066449642  -18.9052436268    0.7139103083 

     C    -0.2570263880  -18.3075796424    0.0141196553 

     C    -0.1564583505  -16.9186304514   -0.0569840331 

     N    -1.1423451866   -3.3992021360    0.0673942315 

     C     5.5651329873   -4.7072489099   -3.1289875326 

     C     5.2330723698   -6.0373197394   -3.3770470137 

     C     5.5269433832   -7.0546746782   -2.4587170313 

     C     6.1495912559   -6.6990015658   -1.2218961609 

     C     6.4399442183   -5.3257252833   -0.9543329604 

     C     6.1764907378   -4.3413076777   -1.9357505863 

     C     6.4930813622   -7.6860145933   -0.2450357348 

     C     7.0204830451   -7.2616273734    0.9814689726 

     C     7.2537275646   -5.9156088311    1.2511899056 

     C     6.9936759600   -4.9473757723    0.2919515885 

     C     5.2514402726   -8.4636987006   -2.7358128876 

     C     6.3121997513   -9.0952446108   -0.5670626499 

     C     6.5748318281   -2.9404939439   -1.7184232840 

     C     7.2656542333   -3.5364860152    0.6050250264 

     C     4.5849235253   -8.8872754586   -3.8936748093 

     C     4.4061514584  -10.2389520794   -4.1828153577 

     C     4.9090591481  -11.2189181644   -3.3348941513 

     C     5.5507971531  -10.8371983851   -2.1346615087 

     C     5.7035796116   -9.4529108157   -1.8090976480 

     C     6.0626914126  -11.8271934118   -1.2630165206 

     C     6.6355823501  -11.4576563693   -0.0537912412 

     C     6.7421916388  -10.1153196895    0.2934913535 

     N     7.0553428318   -2.6142939335   -0.4441371566 

     C     4.7589871838  -12.6407885696   -3.7006669893 

     C     6.0652992199  -13.2455723660   -1.6482897990 

     O     7.6736552601   -3.1559122292    1.6933524704 

     O     6.5003487139   -2.0852572473   -2.5988338613 

     O     4.1594087567  -13.0137139909   -4.7002854072 

     O     6.6300789760  -14.1107274490   -0.9952206761 

     C     7.3582614978   -1.2316985516   -0.1589745507 

     C     6.4259124043   -0.4555102463    0.5255493048 

     C     6.7488667929    0.8624809373    0.8467841561 

     C     7.9829235585    1.3988213867    0.4761959517 

     C     8.9001975046    0.6157628980   -0.2267305364 

     C     8.5902420011   -0.7067669598   -0.5410252153 

     N     5.3904522920  -13.5717261525   -2.8492701929 

     H     2.2617310021    2.4600738863   -2.0684756588 

     H     4.6588450018   -1.0743113018   -2.5435600657 

     H    -3.3960293796   -2.3774726208    0.9659614078 

     H    -2.3181442714    1.7335151017    0.3364492436 

     H    -0.8602732624    1.4480527588   -2.6762032500 

     H     0.1202235291    2.8820945714   -2.3167160679 

     H    -1.4363999967    2.6550387056   -1.5095583552 

     H     1.0491261340    1.7866107160    1.1998912280 

     H    -0.3139549904    2.8485349744    0.7900191712 

     H     1.2604168294    3.0790922999    0.0037785614 

     H    -3.4878766062    1.9570169024    2.3520486791 

     H    -3.6190740781    0.4925576706    3.3354001741 

     H    -5.0691611984    1.4576233247    2.9790418782 

     H    -4.4947984446    2.0068933689   -0.0148558481 

     H    -6.0548448812    1.4618717063    0.6192765405 

     H    -5.2529378115    0.5536932009   -0.6818993169 
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     H    -4.8836018353   -1.5514693399    2.4457722596 

     H    -5.5375323675   -1.5395364238    0.7949667037 

     H    -6.2601662896   -0.5161646205    2.0458382765 

     H     4.2314424518    3.5530871612   -2.3992668422 

     H     3.3133278083    3.2224700951   -3.8855346046 

     H     5.0451236337    3.5756308564   -3.9703282977 

     H     6.0290549503    1.8942759992   -1.6131752969 

     H     6.7593307858    1.9757225837   -3.2274088825 

     H     6.3339613440    0.4098904436   -2.5175225053 

     H     3.6749794947    1.0169285726   -5.1481341852 

     H     4.9591199032   -0.0926206988   -4.6353377915 

     H     5.3822923362    1.4951668404   -5.3004739107 

     H     1.2545144371   -5.4503580815   -3.7989154873 

     H     1.2285826582   -7.8824775722   -3.3902292235 

     H     4.2902592476   -6.7917114342    2.5639628645 

     H     4.2820930729   -4.3811770572    2.0799409940 

     H     1.3175047908   -9.7811409070   -3.0985343706 

     H     1.2992002553  -12.1955184284   -2.6179245995 

     H     4.4167214652  -11.1645815976    3.2236503019 

     H     4.3475742399   -8.7237635607    2.8790593929 

     H     3.1651747264  -19.1614903459    0.8784751645 

     H     2.0989505861  -15.4321278545    2.7201297075 

     H     6.4506911898  -14.7458446474   -4.9877239471 

     H     5.3956586995  -18.7514765649   -3.8438936708 

     H     2.1787145919  -18.2659960862   -2.4344585305 

     H     2.5407042486  -19.6711052391   -1.4106101730 

     H     3.2998070869  -19.5189358748   -3.0059869828 

     H     6.0866714522  -18.6567031390   -0.5989682579 

     H     5.5983842400  -19.7768354988   -1.8859013495 

     H     4.8445620877  -19.8855520566   -0.2904365806 

     H     7.3347101929  -19.2347192702   -4.8157438777 

     H     8.5186347262  -17.9205949613   -4.8358332451 

     H     8.2175246236  -18.8706390805   -6.3075017453 

     H     5.1054744319  -18.9634761724   -6.1181331942 

     H     6.0352445127  -18.5993335638   -7.5834091077 

     H     4.7937138204  -17.4646768332   -7.0059971135 

     H     8.0877099753  -15.8098897987   -6.1943054135 

     H     6.5582051429  -15.6068455609   -7.0729219435 

     H     7.7416066223  -16.8078302265   -7.6149794969 

     H     3.1031940882  -20.0716059050    2.8458757395 

     H     1.4252232839  -19.9320460373    2.2686726678 

     H     1.7627950963  -20.1220993983    3.9969381068 

     H     4.1768018014  -18.1317462577    4.1100608489 

     H     2.8763784944  -18.2737838429    5.3160363209 

     H     3.2202628855  -16.7096766391    4.5476130789 

     H     0.0156208486  -17.9213730856    2.9125414373 

     H     0.6957586825  -16.5784206845    3.8195302658 

     H     0.4662524831  -18.1445642069    4.6146713203 

     H     0.6180664828  -12.3266206108    3.2936397952 

     H     0.8307401386   -9.8825782745    3.1215349126 

     H    -2.1504022721  -10.1569986693   -2.9624523717 

     H    -2.2111213516  -12.6132872273   -2.7697027467 

     H     1.0368332109   -7.9476702679    2.9184383334 

     H     0.9348114933   -5.4883735149    2.8269051592 

     H    -2.3564421652   -5.7367405756   -2.9979972983 

     H    -2.2428982060   -8.1966701963   -3.0035693683 

     H    -2.9002149910  -16.0868157352    1.7723190226 

     H    -3.0742126641  -18.5713074347    1.9078886752 

     H     0.4904537439  -18.9209413771   -0.4771149266 

     H     0.6523859426  -16.4292956207   -0.5873585835 

     H     5.3507827584   -3.9369415444   -3.8614996667 

     H     4.7502867153   -6.2757115036   -4.3160538090 

     H     7.2526788780   -7.9859676511    1.7522728141 

     H     7.6512674275   -5.5975728653    2.2089221556 

     H     4.1891603263   -8.1556558146   -4.5871558656 

     H     3.8907077297  -10.5512828619   -5.0844164123 

     H     6.9990671189  -12.2374037941    0.6060990166 

     H     7.1928486749   -9.8684694903    1.2458725064 

     H     5.4679066465   -0.8873519711    0.7907229783 

     H     6.0269322463    1.4721557787    1.3828229874 

     H     9.8589993742    1.0307260659   -0.5248984601 

     H     9.2953606957   -1.3344702291   -1.0765576887 

     H     8.2272171429    2.4278480222    0.7267018273 

     H    -1.3776868378  -19.9884948308    0.7671542292

 

 

Energy at this geometry: 

E(charge = 0) = -6390.9752076786 

E(charge = -1) =  -6391.08240479 
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4.1 Introduction 

 Solar cells incorporating solution-processable organic semi-conductors as photoactive 

layers hold promise as inexpensive, lightweight, and renewable sunlight-to-energy harvesting 

technologies.46, 155-157 In one embodiment, polymer solar cells (PSCs) are fabricated by 

blending a p- type (electron-donor) conjugated polymer with an n-type (electron-acceptor) 

small-molecule semiconductor to create a bulk-heterojunction (BHJ) photoactive layer.157 For 

more than a decade, the search for new donor polymers and/or fine-tuning of promising backbones 

has dominated strategies for advancing the field,155 whereas the superiority of fullerenes as 

acceptors seemed unassailable.156 However, nonfullerene acceptors (NFAs) have recently 

enabled PSCs with power conversion efficiencies (PCEs)21, 45, 158 as high as 16%46 via 

mechanisms that are not entirely understood.159-162 During the past 5 years, many hundreds of 

successful and unsuccessful NFAs have been reported.45, 158, 111, 163-165 Among them, 

indacenodithienothiophene (IDTT)45 and perylenediimide (PDI)125, 166 acceptors frequently 

outperform fullerenes156 and many other NFAs.167 Compared to IDTTs, which are only 

accessible via complex, multistep syntheses168, 169 and possess labile end-groups,163 PDIs are 

readily synthesized robust alternatives (the cores are used in automotive paints) that exhibit 

efficient and stable electron transport in ambient,170, 171 have unique photophysical and spintronic 

properties,172, 173 and intense, high-energy visible range optical absorption. The latter is attractive 

because many polymers developed for fullerene-based PSCs have absorption complementary to 

that of PDIs. Despite these attractions, PDI-based PSCs are far less investigated than IDTT 

acceptors, with only a handful enabling PCEs ≥ 9%.21, 125 , 25, 41, 174-177 While these empirical 

results demonstrate that synthetic modulation of PDIs can significantly enhance solar cell 
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performance, the fundamentals underlying PSC differences between PDIs are not well 

understood. While only one system has provided insight into PDI energetics and photophysics 

by probing exciton and charge dynamics via photoinduced electron transfer,125 broader analysis 

of a BHJ blend nanostructure and its effects on these parameters is lacking. BHJ morphology 

remains a major challenge for PDI-based PSC development, especially considering the 

pronounced tendency of PDIs to aggregate and form large crystalline domains, which risks 

excessive BHJ phase segregation, reduced charge mobilities, and lower performance.23, 177, 178 

Although previous studies have addressed this issue using twisted geometry PDIs intended to 

suppress aggregation and optimize nanoscale BHJ morphology,24, 41 such strategies risk impure 

BHJ domains that inhibit phase segregation and reduce carrier generation and mobility.24, 25, 177 

Therefore, it is imperative to explore alternative strategies for optimizing PDI-based BHJ active 

layer morphology. Fluorinating semiconducting polymers effectively lowers frontier 

molecular orbital (FMO) energies, enhances environmental stability, increases backbone 

planarity, promotes denser  packing and hence crystallinity and mobility, and enhances self-

assembly through intermolecular C−F···H, F···S, and F···π interactions.29, 179-181 While such donor 

polymer fluorination effects have proven promising in modifying BHJ fullerene- and IDTT-

based PSC performance, the application to PDI PSCs has been barely explored with respect to 

BHJ film morphology, charge carrier dynamics, and device performance.29 

 Here we investigate fluorination effects on BHJ performance by comparing/contrasting 

the fluorine-poor donor polymer PBDTT-FTTE with the fluorine-rich analogue PBDTTF-

FTTE (Figure 4.1A), paired for the first time with a twisted PDI acceptor, Ph(PDI)3 (Figure 

4.1A).41 The present systems are characterized experimentally by optical absorption 
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spectroscopy, cyclic voltammetry, ultraviolet photoelectron spectroscopy (UPS), photovoltaic 

response, space-charge-limited current (SCLC), AFM, TEM, GIWAXS, and fs/ns transient 

absorption (TA) spectroscopy and theoretically with ground-state and excited-state electronic 

structure to probe local differences arising from backbone fluorination. The data reveal that 

additional fluorination dramatically modifies BHJ morphology and semiconductor phase 

separation, leading to higher electron mobility (μe), longer free charge (FC) lifetimes, higher 

FC yields, and lower FC bimolecular recombination (BR) in PBDTTF-FTTE:Ph(PDI)3 

blends, affording significantly enhanced PSC performance. Moreover, the computed dipole 

differences between the ground and excited state, peg, is known to be associated with lower 

exciton binding energies and hence greater FC lifetimes and yields.181-184 Here our computed 

interpretation of polymer peg trends requires systems larger than dimers, and the dipolar 

orientation angle between the two moments provides a key measure of polarization forces acting 

against the Coulomb potential,185 especially when polymer backbone conformations are nearly 

identical. We find that PBDTTF-FTTE has overall larger dipole moments due to the heavier 

fluorination and exhibits antiparallel directionality between the excited- and ground-state dipoles, 

an arrangement that should afford lower exciton binding energies and higher FC lifetimes due to 

less recombination, in agreement with experimental results. 

4.2. Experimental Methods 

4.2.1. Materials Synthesis. 

The donor polymers PBDTT-FTTE and PBDTTF-FTTE were synthesized according 

to reported procedures.186, 187 The acceptor material Ph(PDI)3 was prepared according to Scheme 

4.1. 
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4.2.2. Ultraviolet Photoelectron Spectroscopy. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were conducted on a 

Thermo Scientific Escalab 250Xi ultra photoelectron spectrometer (NUANCE) with an analysis 

pressure of 2 × 10-8 mbar. Measurements were made with HeI photon source (hν = 21.22 eV) 

with a pass energy of 2.0 eV. Clips were used to electrically connect the ITO and the instrument 

station, a sample bias of -5.0 V was therefore applied to accurately acquire the high binding 

energy cutoff (Ecutoff). Gold (Au) was used for calibration of the instrument under the same bias 

of -5.0 V, and a shift value of 4.5 eV was therefore obtained to calibrate the gold that has a Fermi 

edge at 0.0 eV.188 This shift value was then applied to calibrate all the recorded UPS spectra from 

sample films. 

4.2.3. Electrochemical Characterization. 

 The electrochemical properties of the materials were investigated as thin films in 

deoxygenated anhydrous acetonitrile under nitrogen at a scan rate of 100 mV s–1 using 0.1 M 

tetrakis(n-butyl)ammonium hexafluorophosphate [(n-Bu)4N
+PF6

ˉ] as the supporting electrolyte. 

Pt electrodes were used as both the working and counter electrodes, and with Ag/Ag+ (sat. NaCl) 

as the pseudoreference electrode. Ph(PDI)3 films were drop-cast onto the Pt working electrode 

from a 5 mg mL–1 CHCl3 solution. A ferrocene/ferrocenium (Fc/Fc+) redox couple was used as 

internal standard and was assigned an absolute energy level of –4.88 eV vs vacuum.189 

4.2.4. Thermal Analysis. 

 The TGA measurements were performed on a SDT Q600 instrument (TA Instruments). 

The samples (weight range 1.0-2.0 mg) were heated with a rate of 10 °C/min under N2. The thermal 

decomposition temperature (Td) was measured at 5% mass loss of the samples. DSC measurements 
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were performed on a DSC 250 instrument (TA Instruments, Materials Characterization and 

Imaging Facility, MatCI). The samples were placed in lidded Al zero pans (TA Instruments) and 

thermally cycled twice (heating-cooling-heating-cooling) under N2 with a heating/cooling rate of 

10 °C/min. All the data are reported using the second cycle and exotherm up. 

4.2.5. Solar Cell Device Fabrication and Measurements. 

 Photovoltaic performance was studied using the “inverted” device structure: indium tin 

oxide (ITO)/zinc oxide (ZnO) (~22 nm)/active layer/molybdenum oxide (MoO3) (10 nm)/Ag (100 

nm). All the solar cells were tested in ambient at room temperature by a Keithley 2400 source-

measure unit under simulated AM 1.5G irradiation (100 mW cm-2) using Xe arc lamp of a Spectra-

Nova 300W Class-A solar simulator (Spectra-Solaris Inc.). All the solar cells were put in custom 

designed contacting testing jig (Spectra-Solaris Inc.). The active area of all the solar cells was 6 

mm2 (3 mm × 2 mm). The solar cell testing and automation program used (Agilent VEE) was 

developed by Spectra-Solaris Inc. All the current density-voltage (J-V) plots were scanned in the 

reverse direction (from positive voltage to negative voltage). Light intensity dependence 

measurements were conducted on the same home solar cell testing setup, using a series of density 

filters (New Focus, diameter ~ 2.5 cm) and a home-designed black box holder. In the experiments, 

different density filters were applied to AM 1.5G light (100 mWcm-2), and J-V curves were 

recorded. External quantum efficiency (EQE) spectra of solar cells were recorded in ambient at 

room temperature on a Newport QE-PV-SI setup. Incident light from Xe lamp (300 W) 

sequentially passing through motorized filter wheel, chopper wheel and monochromator (Newport 

Cornerstone 260) was focused on the active area of solar cells. The spot of output light was similar 

as the active area of sample cells. The incident light was perpendicular to (~90°) ITO/glass 
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substrate. The frequency of chopper wheel was set as 30 Hz. The current was obtained using a 

current pre-amplifier (Newport, 70710QE) and a lock-in amplifier (Newport, 70105 Dual channel 

Merlin). 

4.2.6. Space-Charge-Limited Current (SCLC) Measurements. 

 Space-charge-limited current (SCLC) hole and electron mobilities were measured using 

ITO/MoO3 (8 nm)/Organics/MoO3 (8 nm)/Ag (100 nm) and ITO/ZnO (~22 nm)/Organics/LiF (1 

nm)/Al(100 nm) single carrier diode structure, respectively. All the vertical diodes were measured 

in ambient at room temperature by a Signatone H100 series probe station (with assembled a Motic 

MLC-150C fiber optic illuminator and an Olympus SZ60 microscope) and an Agilent B1500A 

semiconductor device parameter analyzer. The tungsten probe tips (SE-20T, Signatone 

Corporation) were carefully cleaned by isopropanol or acetone before measurements, to insure we 

removed any contact resistance effects that could largely limit the current. In the hole-only diodes, 

ITO was the hole injection electrode, and MoO3/Ag was the hole extraction electrode, while in the 

electron-only diodes, LiF/Al was the electron injection electrode, and ZnO/ITO was the electron 

extraction electrode. The applied voltage scan (Power SMU) was from 0 V to + 3.5 V (too high 

applied voltage leads to the breakdown of vertical diodes, and linear current-voltage characterstics 

with large current were observed if we scanned the broken diodes for the second time), with 

another probe connected to the instrument ground (GNDU, potential of 0 V). The current-voltage 

curves of single carrier diodes were therefore obtained. 

4.2.7. Microscopy Measurements. 

 Standard tapping-mode AFM measurements in ambient were performed on a Scanned 

Probe Imaging and Development (SPID) Bruker ICON using a TESPA probe (NU Atomic and 
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Nanoscale Characterization Experimental Center, NUANCE). The AFM images were confirmed 

from different samples and scan areas. The root-mean-square roughness (Rq) values of height 

images were obtained from the whole scan area (3 μm × 3 μm) in the NanoScope Analysis 1.9 

software. All the AFM images were flattened and exported from the software. TEM images were 

obtained on a Hitachi HT7700 microscope (Northwestern University Atomic and Nanoscale 

Characterization Experimental Center, Electron Probe Instrumentation Center, NUANCE EPIC) 

at an acceleration of 120 kV to gain sufficient transmission. TEM images were taken perpendicular 

to the plane of the films, and confirmed from different samples and areas, to make sure they are 

representative. 

4.2.8. X-Ray Diffraction and Scattering. 

 GIWAXS measurements were performed using Beamline 8-ID-E at the Advanced Photon 

Source (APS) at Argonne National Laboratory.190 The photon energy is 10.92 keV (λ = 1.13938 

Å). Samples were examined under vacuum, with a Pilatus 1M detector (Dectris) having a pixel 

size of 172 μm × 172 μm used to collect the two-dimensional (2D) scattering images. Two images 

with a vertical offset were used to avoid gaps in the detector, which consists of 10 modules. The 

sample-detector distance is 204 mm and the beam size is 200 μm (h) × 20 μm (v). Flat field, solid 

angle, and detector efficiency corrections were applied to the images and the images were 

combined and converted to q-space with the GIXSGUI package for Matlab.191 Further processing 

used local Origin software. Out-of-plane (OoP) grazing incidence 2θ X-ray diffraction (GIXRD) 

measurements were conducted on a Rigaku Smartlab (Jerome B. Cohen X-ray Diffraction Facility, 

NU) with monochromated CuKα radiation (λ = 1.541 Å). X-ray beam was aligned sequentially by 

performing θ/2θ, Z, Ry, Z scans, and the final Z scan value was set at 50% of maximal intensity. 
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The slit was then changed from PSA open to PSA 0.5 deg. Omega was set as 0.2, and 2θ was 

scanned from 3° to 30°. Step was set as 0.03°, and speed was set as 10°/min. 

4.2.9. Transient Absorption Spectroscopy. 

 Transient absorption (TA) experiments for thin films were performed as described 

previously.192 Briefly, ~ 40% of the output of a 1 kHz amplified Ti:sapphire system at 827 nm (1 

W, 100 fs, Spitfire, Spectra Physics) is used to pump a laboratory-constructed optical parametric 

amplifier that is then tuned to the specific excitation wavelength. The pump is depolarized to 

minimize polarization-specific dynamics. The pump spot size was set to 1 mm diameter (1/e) and 

the pulse energy is attenuated to be <100 nJ/pulse to minimize singlet-singlet annihilation. The 

probe in the fsTA experiment is generated using 10% of the remaining output by driving 

continuum generation in a sapphire plate (430-850 nm) or a proprietary crystal from Ultrafast 

Systems (850-1600 nm). In the nsTA experiment, the probe is generated in a separately delayed 

broadband laser system (EOS, Ultrafast Systems, LLC). Pump and probe are spatially and 

temporally overlapped at the sample. The transmitted probe is detected on a commercial 

spectrometer (customized Helios-EOS, Ultrafast Systems, LLC). 

4.2.10. Computational Details. 

 The ground state dipole moment (pg) was calculated using the optimized geometry for each 

oligomer (monomer, N = 1; dimer, N = 2; trimer, N = 3; tetramer, N = 4) using a B3LYP functional 

and 6-31G(d) basis set. The excited state dipole moment (pe) was calculated using the same 

optimized geometry linear-response TDDFT with a wB97X-D3 functional to get the CT nature of 

the exciton modeled with a range-tuned functional. The cc-pVDZ basis set was used. A cc-pVTZ 

basis was used on the smaller oligomers (N = 1,2), but the dipole moments did not change by more 
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than 10%. The Q-Chem electronic structure package was used for the DFT and TDDFT 

calculations.193, 194 The electron-hole separation was calculated from the spatial distance between 

the center of the hole and electron positions from the decomposed TDDFT wavefunction.195 The 

potential energy surface calculations were run using an optimized geometry search at each torsion 

angle. The angles were chosen in 10° steps over the full range -180° to 180° due to the asymmetry 

of the fluorination. The functional used was B3LYP and a 6-31G(d) basis set. 

4.3. Results and Discussion 

PBDTT-FTTE is a well-established PSC donor polymer, delivering good PCEs when 

paired with fullerenes (9.94%)196, 197 or IDTTs (6.80%),21 and is chosen here to investigate the 

effects of additional backbone fluorination as the highly fluorinated analogue PBDTTF-FTTE has 

only recently been reported.186Both PBDTT-FTTE and PBDTTF-FTTE were synthesized via 

green DARP protocols developed by this laboratory,186, 198 with number-average molecular masses 

(Mn) and dispersities (Đ) estimated by high-temperature GPC as 25.5 kg/mol (Đ = 1.93) and 

25.6 kg/mol (Đ = 2.45), respectively. Ph(PDI)3
41 was synthesized by a new two-step halogen 

lamp photocyclization method, first illuminating compound 1 in CH2Cl2 with catalytic amount of 

I2 and then evaporating the CH2Cl2, redissolving in toluene, and illuminating with additional I2 



155 

(see the Materials Synthesis section and Scheme 4.1 in the Supporting Information).

 

The polymer:Ph(PDI)3 BHJ films exhibit broad optical absorption from 300 to 800 nm 

(Figure 4.1B), indicating potential for efficient solar light capture. HOMO energies were 

determined from UPS data (Figures 4.6 and 4.7), and LUMO energies were calculated as ELUMO 

= EHOMO + Eg. The optical bandgaps (Egs) of PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 

films are 1.62, 1.65, and 2.07 eV, respectively (Table 4.3), with estimated HOMO/LUMO levels 

lying at −5.07/−3.45, −5.32/−3.67, −5.92/−3.85 eV, respectively (Figure 4.1C). The 

photovoltaic response of the present systems was assessed in ITO/ZnO/Al/MoO3/Ag PSC 

architectures. From extensive fabrication/screening experiments, optimal BHJ films are achieved 

by blending PBDTT-FTTE or PBDTTF-FTTE with Ph(PDI)3 in a 1:1 mass ratio in additive-free 

o-dichlorobenzene. Interestingly, the optimized PBDTT-FTTE:Ph(PDI)3 PSCs yield an average 

PCE of 5.50%, while in sharp contrast, the more heavily fluorinated PBDTTF-FTTE:Ph(PDI)3 

Figure 4.1. A. Chemical structures of PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3; B. Optical absorption 

spectra of the indicated films (absorbance data were normalized to the maximal peak); C. Inverted PSC structure 

and orbital energetics. 

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
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devices exhibit simultaneously enhanced VOC (0.845 → 1.058 V), JSC (13.85 → 14.66 mA 

cm−2), and FF (47.04 → 56.36%), yielding a higher average PCE of 8.74% (Table 4.1). The 

champion PBDTTF-FTTE:Ph(PDI)3 blend PCE achieves 9.10% (Figure 4.2B), rivaling those of 

the most efficient PDI-based (9.15−10.6%)21, 41, 125, 174 and PBDTT-FTTE:fullerene (8.40%) 

PSCs reported to date.198, 199 Note that such a fluorination-related PCE increase is not observed 

in the corresponding polymer:ITIC-Th (8.02 vs 7.90%)186 and polymer:PC71BM (8.21186 vs 

6.48%) BHJ blends. The larger VOC of PBDTTF-FTTE:Ph(PDI)3 vs PBDTT- FTTE:Ph(PDI)3 

is consistent with the FMO energetics (Figure 4.1C). Note that the energy loss (Eloss) 

calculated from Eloss = Eg − eVOC
200, 201 is 0.59 eV for PBDTTF-FTTE:Ph(PDI)3, which is 

significantly lower than 0.78 eV for the PBDTT-FTTE:Ph(PDI)3-based devices. The former 

Eloss approaches that of c-Si and perovskite cells (0.40−0.55 eV)201 and is among the lowest 

reported for PSCs.21, 159, 201-206 The smaller Eloss minimizes the VOC−JSC trade-off in the PBDTTF-

FTTE:Ph(PDI)3-based devices, yielding both high JSC and VOC values. External quantum 

efficiency (EQE) spectra (Figure 4.2A) demonstrate strong response from 300 to 800 nm, which 

significantly increases in the PBDTTF-FTTE:Ph-(PDI)3 cells, in agreement with the J−V data.  

Table 4.1. Donor:Ph(PDI)3 BHJ Blend OPV and SCLC Device Metrics. 

 

a Averages with one standard deviation (1σ) are from ≥ 13 separate PSCs. Values in parentheses are from the 

champion cells. 

Blenda VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

EQE JSC 

(mA cm-2) 

Eloss 

(eV) 

μh 

(cm2 V-1 s-1) 

μe 

(cm2 V-1 s-1) 

μh / μe 

PBDTT-

FTTE 

0.845 ± 0.006 

(0.853) 

13.85 ± 0.45 

(14.31) 

47.04 ± 1.73 

(48.59) 

5.50 ± 0.24 

(5.93) 

13.61 0.78 30.9 ± 8.8 

× 10-4 

2.2 ± 2.0 

× 10-4 

14.29 

PBDTTF

-FTTE 

1.058 ± 0.008 

(1.058) 

14.66 ± 0.45 

(15.31) 

56.36 ± 1.03 

(56.18) 

8.74 ± 0.19 

(9.10) 

14.06 0.59 13.9 ± 3.2 

× 10-4 

9.8 ± 6.9 

× 10-4 

1.42 
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Single-carrier diodes were next fabricated to evaluate charge transport in the vertical 

direction relative to the substrate.207, 208 The PBDTT-FTTE:Ph(PDI)3 and PBDTTF-

FTTE:Ph(PDI)3 blends exhibit SCLC hole mobilities (μhs) of (30.9 ± 8.8) × 10−4 and 

(13.9 ± 3.2) × 10−4 cm2 V−1 s−1, respectively (Tables 4.1 and 4.6), implying slightly more 

efficient hole transport in the fluorine-poor blend. In contrast, the corresponding electron 

mobilities (μes) favor the fluorine-rich blend, (2.2 ± 2.0) × 10−4 and (9.8 ± 6.9) × 10−4 cm2 V−1 

s−1, respectively. Thus, the hole to electron transport ratio, μh/μe, increases by 10-fold (14.29 → 

1.42) in the PBDTTF-FTTE:Ph(PDI)3 blend. The enhanced μe and therefore more balanced 

charge transport in the PBDTTF-FTTE:Ph(PDI)3 blend are consistent with the superior FC 

extraction (vide infra) and higher JSC, FF, and PCE. BHJ film morphology was investigated by 

AFM, TEM, and GIWAXS. Tapping mode AFM images (4.3A, 4.3B and 4.12) reveal smooth 

surfaces with the RMS roughness (Rq) of the PBDTT-FTTE:Ph(PDI)3 blend (0.71 nm) being 

slightly smaller than that of the PBDTTF-FTTE:Ph(PDI)3 blend (1.05 nm). 

Similar continuous networks are visible in the phase images of both blends. Bulk 

morphology was further probed by TEM (Figures 4.3A, 4.3B, and 4.14), where the greater 

Ph(PDI)3 electron density vs the polymers enhances the contrast, with the darker regions 

corresponding to Ph(PDI)3-rich domains.209-211 Both blends exhibit similar Ph(PDI)3 domain 

sizes of ∼3.5 nm, smaller than those observed with fullerene (∼10 nm)198 and other PDI (∼5−100 

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
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nm) acceptors,23 consistent with the 3D Ph(PDI)3 geometry suppressing aggregation. 

 

Importantly, the PBDTTF-FTTE:Ph(PDI)3 blends clearly show better separated 

polymer/acceptor domains, while the PBDTT-FTTE:Ph(PDI)3 blend reduced contrast indicates 

a more homogeneous/mixed morphology.210 Thus, fluorine-rich PBDTTF-FTTE more 

effectively templates the BHJ morphology, affording higher-purity donor and acceptor domains. 

In such blends, geminate recombination can, in principle, be reduced (see more below), and the 

primary separated electrons and holes are expected to overcome Coulombic attraction and 

generate FCs more efficiently.212 The differing TEM contrasts are also consistent with higher 

PBDTTF-FTTE:Ph(PDI)3 electron mobility, as noted above (Table 4.1). GIWAXS 

measurements were next used to assess the relevant film ordering characteristics. The 2D 

scattering patterns are shown in Figure 4.3C and 4.3D, with vertical and horizontal linecuts, 

relevant d-spacings, and correlation lengths (CLs) provided in Figure 4.14 and Table 4.7. Neat 

PBDTT-FTTE and PBDTTF-FTTE exhibit in-plane (IP) lamellar (100) peaks with d100 = 

25.8 and 26.3 Å, as well as out-of-plane (OoP) π−π stacking (010) peaks with d010 = 3.86 and 

Figure 4.2. A. EQE spectra and B. J–V responses of the champion cells. 
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3.82 Å, respectively, suggesting preferential “π-face-on” polymer orientation relative to the 

substrate.177, 186 The corresponding CLs of OoP (010) peaks are 1.78 and 1.83 nm, respectively. 

Neat Ph(PDI)3 films exhibit peaks at around 0.28 and 0.4 Å−1 in both IP and OoP directions.41

In sharp contrast, the two BHJ blends exhibit much weaker scattering with comparable 

intensities, suggesting comparable and lower degrees of ordering. Overall, the GIWAXS results 

indicate that the neat and BHJ blend films are largely amorphous, with no obvious correlation 

between crystallographic parameters, mobilities,  and PSC performance metrics.  

Charge photogeneration and recombination are central limits to PSC efficiency and 

remain unresolved in most NFA-based PSCs,28, 32, 213 especially in PDIs.28, 34, 160 Femtosecond 

transient absorption (fsTA) and nanosecond transient absorption (nsTA) spectroscopies in 

Figure 4.3. TEM and inset AFM images of A. PBDTT-FTTE:Ph(PDI)3 and B. PBDTTF-FTTE:Ph(PDI)3 

blends; 2D GIWAXS patterns of C. PBDTT-FTTE:Ph(PDI)3 and D. PBDTTF-FTTE:Ph(PDI)3 blends with 

inset images of pristine polymer. 
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vacuo along with light intensity dependence experiments were employed here to probe 

differences in charge photogeneration yields and recombination mechanisms for the first time 

in PDI-based PSCs.34 Charge separation was monitored by TA of the Ph(PDI)3 bleach at 525 

nm following BHJ blend excitation at 700 nm (Figure 4.4A and 4.4B). Because Ph(PDI)3 does 

not absorb at 700 nm, charge generation upon photoexcitation at this wavelength must occur 

purely by electron transfer (polymer → Ph(PDI)3), with negligible probability of Förster 

resonant energy transfer. Full blend data sets were globally fit at selected wavelengths to two 

successive first-order decays and a long-lived bimolecular process attributed to FC 

recombination (see the Supplementary Information). Multiple decay components are common 

in PSC systems because disordered morphologies can have several populations.32 Ultrafast 

electron transfer is observed in each blend, with the fastest component having a time constant 

< 500 fs, far faster than previously reported (3 ps).34 Additionally, both the PBDTT-

FTTE:Ph(PDI)3 and PBDTTF-FTTE:Ph(PDI)3 blends behave similarly at early times, 

indicated in the full fsTA data sets (Figure 4.16-4.22). This may reflect competition between 

the higher driving force (ΔELUMO, see Table 4.4) for charge separation in PBDTT-

FTTE:Ph(PDI)3 vs the more optimal BHJ morphology in PBDTTF-FTTE:Ph(PDI)3. By 

6.6 ns, both blends produce similar amounts of FCs, as evidenced by the comparable 525 nm 

Ph(PDI)3 bleach magnitudes (Figure 4.4C). The bleach features in both blends maximize near 

20 ps, and by comparing this value to that at the experimental end, the overall FC yield in both 

blends is determined to be ca. 20% by 6 ns. 

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
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FC decay was next monitored at the polymer cation absorption (λ = 1150 nm)28 following 

excitation at 520 nm and probing in the ns regime (Figures 4.23 and 4.24). The FC lifetime is 

somewhat longer in PBDTTF-FTTE:Ph(PDI)3 (Figure 4.4D) and hence at long times (>1 

μs) generates a higher yield of FCs than does PBDTT-FTTE:Ph(PDI)3, indicating that the 

charge carriers more easily diffuse and avoid BR. This observation is consistent with the higher 

μe and more balanced mobilities in that blend (vide supra), although note that the TA 

measurements are done in the absence of an external electrical bias. The small difference in the 

observed BR rate correlates with the TEM images showing clearer phase separation and the 

higher PCE for PBDTTF-FTTE:Ph(PDI)3. It is likely that the optimal morphology and 

balanced charge transport in PBDTTF-FTTE:Ph(PDI)3 account for the increased FCs at long 

Figure 4.4. Time-resolved spectra of A. PBDTT-FTTE:Ph(PDI)3 and B. PBDTTF-FTTE:Ph(PDI)3 BHJ blends 

with λex = 700 nm showing ultrafast electron transfer. C. Transient absorption spectra at 6.6 ns for blends excited 

at 700 nm in fsTA experiments, normalized to polymer bleach at 630 nm immediately after excitation. D. FC 

decay dynamics monitored at the polymer cation absorption (λ = 1150 nm) with λex = 520 nm in nsTA experiments. 
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times and the reduced recombination rates in the TA experiments. FC recombination was further 

evaluated by light intensity (I) dependence measurements (Figure 4.10). All the plots of JSC vs 

I follow a function JSC ≈ Iα, where α is related to BR loss.214 Plots of the PBDTT- 

FTTE:Ph(PDI)3 and PBDTTF-FTTE:Ph(PDI)3 blends yield α values of 0.862 and 0.959, 

respectively. The α value of the PBDTTF-FTTE:Ph(PDI)3 blend is similar to those of other 

high-PCE PDI blends.43, 174 In the same experiment, VOC vs ln(I) plots are linear, and the ideality 

factor n is calculated from the slope nkBT/q, where kB is the Boltzmann constant, T temperature, 

and q the elementary charge.214 The n deviation from 2 to 1 reflects lower importance of 

Shockley−Read−Hall recombination vs BR. The PBDTT-FTTE:Ph(PDI)3 and PBDTTF-

FTTE:Ph(PDI)3 blends yield slopes of 1.24kBT/q and 1.43kBT/q, respectively. Thus, there is 

significantly less BR loss in the PBDTTF-FTTE:Ph(PDI)3 devices, consistent with the TA 

results. 

 

 

 

Table 4.2. Computed PBDTT-FTTE and PBDTTF-FTTE Oligomer Dipolar Parameters. 

 

 PBDTT-FTTE PBDTTF-FTTE 

N 1 2 3 4 1 2 3 4 

p
g

a 2.51 4.51 4.88 6.30 3.05 4.37 6.81 8.65 

p
e
b 5.28 3.35 3.94 5.17 4.55 3.21 5.60 7.59 

Δp
ge

 2.81 1.16 5.37 8.00 1.51 1.26 11.31 14.88 

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
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aGround-state dipole calculations with DFT using B3LYP and a 6-31(d) basis set.
 

 b The excited-state dipole calculations with B97X-D3 and cc-pVDZ basis set.
 

To better understand the experimental PSC metrics, photogeneration/recombination 

dynamics, and charge trans- port of PBDTT-FTTE:Ph(PDI)3 versus PBDTTF-FTTE:Ph- 

(PDI)3, ground-state and excited-state electronic structure computation was used to probe the 

local effects of backbone fluorination. The internal polarization arising from changes in excited- 

and ground-state dipole moments was computed because the degree of intramolecular charge 

transfer (ICT) and, hence, the exciton binding energy are related to the difference between the 

ground- (pg) and excited-state (pe) dipole moments (Δpge).
182, 183, 215  

The expectation is that the larger Δpge correlates with local charge separation and 

therefore leads to a greater likelihood of charge generation. While previous studies focused on 

monomers or dimers,183, 216 here the dipole moments for an oligomer series, monomer−tetramer, 

N = 1−4, were computed because larger oligomers (trimers/tetramers) were found necessary 

for meaningful dipole comparisons. Additionally, determining differences in dipole orientation 

between pg and pe was found critical in elucidating Δpge trends. Trends for the PBDTT-FTTE 

and PBDTTF-FTTE N = 1−4 oligomers are compiled in Table 4.2 (see geometries for each in 

Figure 4.24-4.28). Note the abrupt rise in Δpge and change in dipole orientation difference 

between ground and excited states (θeg) for N > 2. 

θ
eg

 (
o

) 
7.64 0.70 74.13 87.92 1.29 7.45 131.11 132.78 

p
tr

 3.23 5.67 7.03 8.02 3.25 5.49 7.07 8.07 

f (a.u) 0.88 2.28 3.25 4.09 0.89 2.13 3.28 4.16 
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We attribute this change in dipole orientation to the backbone curvature of the cis inward-

oriented FTTE units (Figure 4.4). Interestingly, the PBDTTF-FTTE trimer and tetramer show 

antiparallel ground- and excited-state dipole orientations, ideal for exciton scission. As with 

previous dipole calculations that compare the performance of fluorinated and nonfluorinated 

acceptors and polymers,182, 183, 215, 216 the magnitude of Δpge is also greater for PBDTTF-FTTE 

compared to that of PBDTT-FTTE due to the overall larger dipole moments of both pg and pe 

(see Table 4.2. for comparison). Yet, even if only the magnitude of Δpge mattered for the efficacy 

of exciton separation in a given polymer (which for the 1D exciton transport polarization direction 

certainly does matter), in order for PBDTT-FTTE to have the same Δpge as PBDTTF-FTTE, it 

would require a ∼2.5× larger pg or pe. The fluorination of the thiophene side-chains in this study 

changes the dipole magnitudes of pg or pe by at most only 1.5×. The cis configuration is the 

minimum-energy configuration for both polymers (Figures 4.33-4.36), with the PBDTTF-

FTTE oligomer demonstrating slightly greater stability. Pronounced curvature in polymer 

backbones is known to depress hole mobility due to suboptimal film morphologies and increased 

disorder.217, 218 This may explain the modest PBDTTF-FTTE:Ph(PDI)3 μh = 13.9 × 10−4 

cm2 V−1 s−1 versus PBDTT-FTTE:Ph(PDI)3 μh = 30.9 × 10−4 cm2 V−1 s−1. In contrast, 

pg

pe

pg

pe

PBDTTF-FTTE PBDTT-FTTE

Figure 4.5. Dipole moment computation. Optimized PBDTTF-FTTE tetramer geometry with ground (blue) 

and excited-state dipole (red) vectors overlayed (left). Optimized PBDTT-FTTE tetramer geometry with ground 

(blue) and excited-state dipole (red) vectors overlayed (right). 
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modest curvatures afford more favorable domain dimensions and hence smaller BR values.218 

In a solid film environment, there will certainly be a distribution of torsion angles with some 

conformations of torsions in the trans orientation, i.e., the FTTE group alternating up and 

down. This will lead to a dispersion in dipole moments,219 but when including interchain exciton 

diffusion, there will be pathways to avoid trans domains.220, 221 We next investigated exciton 

delocalization for each oligomer to probe the degree of electron−hole charge separation within 

the exciton. The electron−hole (Reh) separation distance is ∼20% greater for N > 2 PBDTTF-

FTTE (see the Supplementary Information for details). Together with the greater dipole 

difference between the ground state (higher Δpge and θeg in Table 4.2) in PBDTTF-FTTE 

affording reduced geminate recombination, this analysis provides a plausible explanation for the 

higher FC yield and greater μe in the PBDTTF-FTTE:Ph(PDI)3 films. 

4.4 Conclusions 

 In summary, two polymer donors, fluorine-poor PBDTT-FTTE and fluorine-rich 

PBDTTF-FTTE, are blended with the acceptor Ph(PDI)3 to investigate donor backbone 

fluorination effects in PDI-based BHJ PSCs. An unexpected, remarkable PCE increase from 

5.93% for PBDTT-FTTE:Ph(PDI)3 to 9.10% for PBDTTF-FTTE:Ph(PDI)3 is achieved, while 

such a PCE increase is not observed in the analogous pairs, PBDTT-FTTE:ITIC-Th vs 

PBDTTF-FTTE:ITIC-Th (8.02 vs 7.90%, respectively)186 and PBDTT-FTTE:PC71BM186, 198 

vs PBDTTF-FTTE:PC71BM (8.21 vs 6.48%, respectively). Detailed film morphological, carrier 

photogeneration, recombination, and transport analysis reveals that the latter material has more 

suitable semiconductor phase separation, larger μe, longer-lived and higher yields of FC carriers, 

and slower bimolecular recombination than PBDTT-FTTE:Ph(PDI)3. Moreover, the lower-

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.9b02146/suppl_file/nz9b02146_si_001.pdf
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lying PBDTTF-FTTE HOMO affords a larger VOC and a significantly lower Eloss of 0.59 eV, 

among the lowest recorded for PSCs. Ground- and excited-state dipole orientation computation 

shows that fluorination alters the dipole orientation and reduces exciton binding energies. The 

PBDTTF-FTTE oligomers support nearly antiparallel ground- and excited-state dipole moments, 

explaining the increased FC lifetimes and yields. Thus, pairing PDIs with highly fluorinated donor 

polymers is promising for enhancing PDI-based PSC performance. 

4.5. Supplementary Information 

4.5.1. Synthesis 

1: Compound 1 was synthesized following a literature procedure. Spectral data were consistent 

with previously reported data.3 

Ph(PDI)3: Compound 1 (200 mg, 0.092 mmol) was dissolved in CH2Cl2 (200 mL) along with I2 

(5 mg, 0.018 mmol). The deep red solution was bubbled with air and irradiated with a 500 W 

halogen lamp for 6 h, periodically refilling with CH2Cl2. Then, the remaining CH2Cl2 was 

evaporated and the crude was re-dissolved in toluene (200 mL) with an additional 5 mg I2 and 

irradiated while bubbling with air for an additional 24 h to result in an orange-red solution. The 

Scheme 4.1. Synthesis of molecules 1 and Ph(PDI)3. (a) Pd(PPh3)4, 2M Na2CO3, THF; (b) (1) I2, CH2Cl2, hν, O2 

(2) I2, Toluene, hν, O2. 
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solvent was evaporated under reduced pressure and the crude material was purified by silica gel 

column chromatography (CH2Cl2), followed by further silica gel column chromatography 

(acetone:toluene 3.5:96.5) to give Ph(PDI)3 as a bright red solid (88 mg, 44%). Spectral data 

were    consistent with previously reported data.3 

4.5.2. UPS Spectroscopy. 

 
Figure 4.6. Raw UPS spectra recorded from neat PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 films. 

under a bias of -5 V. 
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Figure 4.7. The shifted UPS spectra of neat PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 films. The high 

binding energy cutoff (Ecutoff) and the onset of the peak with a lowest binding energy (Eonset) were extracted for the 

IP estimation. 
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4.5.3. Optical and Electrochemical Characterization. 

Table 4.3. Physicochemical Properties of PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3. 

 

Material EHOMO
UPS 

(eV) 

Eg
† 

(eV) 

ELUMO
‡ 

(eV) 

ELUMO
CV 

(eV) 

EHOMO
CV 

(eV) 

EHOMO
§ 

(eV) 

PBDTT-FTTE -5.07 1.62 -3.45 / / / 

PBDTTF-FTTE -5.32 1.65 -3.67 / / / 

Ph(PDI)3 -5.92 2.07 -3.85 -3.85 -6.27 -5.92 

† Optical bandgap Eg was determined by the absorption edge of thin film; 

‡ Calculated from ELUMO = EHOMO
UPS + Eg, EHOMO

UPS is the HOMO estimated from UPS; 

§ Calculated from EHOMO = ELUMO
CV + Eg, ELUMO

CV is the LUMO estimated from CV. 

Figure 4.8. UV-vis absorption spectra of the donor and acceptor materials (top) and cyclic voltammograms of a 

Ph(PDI)3 film (bottom). 
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4.5.4. Thermal Analysis. 

4.5.5. Solar Cell Device Characterization. 

Table 4.4. Fully Optimized Photovoltaic Performance of polymer:Ph(PDI)3 Blends. 

 

BHJ Blend Experimental 

details 

VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

Number 

of 

devices 

EQE JSC 

(mA cm-

2) 

PBDTT-

FTTE:Ph(PDI)3 

1:1, o-DCB, 

11mg/mL 

0.845 ± 

0.006 

(0.853) 

13.85 ± 

0.45 

(14.31) 

47.04 ± 

1.73 

(48.59) 

5.50 ± 

0.24 

(5.93) 

13 13.61 

PBDTTF-

FTTE:Ph(PDI)3 

1:1, o-DCB, 

11mg/mL 

1.058 ± 

0.008 

(1.058) 

14.66 ± 

0.45 

(15.31) 

56.36 ± 

1.03 

(56.18) 

8.74 ± 

0.19 

(9.10) 

13 14.06 

The photovoltaic data are reported as averages taken over 13 separate devices ± one standard deviation (1σ), and the 

numbers in parenthesis are from the champion cells. The mismatch between average JSC and corresponding EQE is 

within or near 4%. 

Table 4.5. Energy Loss of BHJ Polymer:Ph(PDI)3 Blend Films. 

 

Figure 4.9. TGA heating traces of PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 (top) and DSC heating and 

cooling traces of PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 (bottom).  
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BHJ Blend 
VOC 

(V) 

Eg of polymer film 

(eV) 

Eloss = Eg - eVOC 

(eV) 

PBDTT-

FTTE:Ph(PDI)3 

0.845 ± 0.006 

(0.8529) 
1.62 

1.62 - 0.845 = 0.78 

(0.77) 

PBDTTF-

FTTE:Ph(PDI)3 

1.058 ± 0.008 

(1.0804) 
1.65 

1.65-1.058 = 0.59 

(0.57) 

The VOCs are reported as averages taken over 13 separate devices ± one standard deviation (1σ), and the numbers in 

parenthesis are maximal VOCs and the corresponding minimal Elosss. 

 

 

 

 

 

 

 

Figure 4.10. (a) JSC versus light intensity (Ilight) and (b) VOC versus Ilight measurements of the polymer:Ph(PDI)3 

solar cell devices. Note that nkBT/q values were extracted from the corresponding VOC ~ ln(Ilight) plots. The detailed 

fitting parameters from the above curves are as follows: (a) α = 0.862 for the PBDTT-FTTE:Ph(PDI)3 blend; α 

= 0.959 for the PBDTTF-FTTE:Ph(PDI)3 blend; (b) n = 1.24 for the PBDTT-FTTE:Ph(PDI)3 blend; n = 1.43 

for the PBDTTF-FTTE:Ph(PDI)3 blend; At lower light intensities (Ilight < 1 mW cm-2), the PBDTTF-

FTTE:Ph(PDI)3-based devices exhibit a much stronger VOC dependence on Ilight. 
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4.5.6. Space Charge-Limited Current (SCLC) Measurements. 

Table 4.6. SCLC Zero-Field mobilities of Blend and Neat Films. 

 

Films 
Experimental 

details 

μh 

(10-4 cm2/Vs) 

Number of 

devices for 

μh 

μe 

(10-4 cm2/Vs) 

Number of 

devices for 

μe 

μh / μe 

Blend PBDTT-

FTTE:Ph(PDI)3 

1:1, o-DCB, 

11mg/mL 
30.86 ± 8.80 19 2.16 ± 2.03 7 14.29 

Blend PBDTTF-

FTTE:Ph(PDI)3 

1:1, o-DCB, 

11mg/mL 
13.91 ± 3.18 15 9.81 ± 6.89 8 1.42 

Neat 

PBDTT-FTTE 

o-DCB, 

11mg/mL 
9.31 ± 2.17 7 / / / 

Neat 

PBDTTF-FTTE 

o-DCB, 

11mg/mL 
3.68 ± 3.17 5 / / / 

Neat 

Ph(PDI)3 

o-DCB, 

22mg/mL 
/ / 3.64 ± 1.41 5 / 

The SCLC zero-field mobilities of the holes (electrons) μh (μe)s are reported as averages taken over 5 or more separate 

devices ± one standard deviation (1σ). The μh / μe values were calculated from the average mobilities. 
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Figure 4.11. Average SCLC zero-field mobilities of blend and neat films top) and representative J-E curves of 

hole-only (bottom left) and electron-only diodes (bottom right) for blends. Average fitting parameters obtained 

from 7 or more separate devices are shown in Table 4.4. 
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4.5.7. Atomic Force Microscopy. 

4.5.8. Transmission Electron Microscopy. 

Figure 4.12. AFM images of the PBDTT-FTTE:Ph(PDI)3 and PBDTTF-FTTE:Ph(PDI)3 BHJ blend 

films. The height images are also shown in main text. 

Figure 4.13. AFM images of neat PBDTT-FTTE, PBDTTF-FTTE, and Ph(PDI)3 films. 

Figure 4.14. Typical TEM images of PBDTT-FTTE:Ph(PDI)3 and PBDTTF-FTTE:Ph(PDI)3 blend films with 

size of Ph(PDI)3-rich domains (red circles ~ 3.5 nm). 
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4.5.9. Grazing Incidence Wide-angle X-ray Scattering (GIWAXS) 
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Figure 4.15. GIWAXS linecuts of (a) pristine PBDTT-FTTE, (b) pristine PBDTTF-FTTE, (c) BHJ blend 

PBDTT-FTTE:Ph(PDI)3, (d) BHJ blend PBDTTF-FTTE:Ph(PDI)3, and (e) pristine Ph(PDI)3 films showing 

in-plane (IP, qxy) and out-of-plane (OoP, qz) crystalline scattering peaks. 
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Table 4.7. d-Spacings and Correlation Lengths of Pristine and Blend Films. 

 

Film d-spacing (Å) Correlation Length (nm) 

IP (100)       OoP (010) IP (100)     OoP (010) 

Neat 

PBDTT-FTTE 

25.76 ± (1.52) 3.91 ± (0.05) 4.6 ± (0.3) 1.78 ± (0.03) 

Blend PBDTT-

FTTE:Ph(PDI)3 

- 3.98 ± (0.02) - 1.49 ± (0.08) 

Neat 

PBDTTF-FTTE 

26.32 ± (2.23) 3.85 ± (0.03) 4.0 ± (0.7) 1.83 ± (0.09) 

Blend PBDTTF-

FTTE:Ph(PDI)3 

- 3.98 ± (0.03) - 1.30 ± (0.03) 

Neat 

Ph(PDI)3 

22.3 4.66 ± (0.07) 24.3 0.98 ± (0.01) 

All the values are reported as averages from 3 separate datasets. 
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4.5.10. Transient Absorption Spectroscopy. 
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Figure 4.16. Time-resolved fsTA spectra at selected time points of film Ph(PDI)3 with λex = 520 nm. 
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Figure 4.17. Analysis of the raw PBDTT-FTTE pristine film data with λex = 700 nm as described in the text. (a) 

Time-resolved spectra at selected time points of film PBDTT-FTTE with λex = 700 nm. (b) Evolution-associated 

spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown in (c). (c) Kinetic fits to 

the raw data at the indicated wavelengths with the kinetic model described by Eqn. S140. (d) Model population 

kinetics, distribution of species in time. 
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Figure 4.18. Analysis of the raw PBDTTF-FTTE pristine film data with λex = 700 nm as described in the text. (a) 

Time-resolved spectra at selected time points of film PBDTTF-FTTE with λex = 700 nm. (b) Evolution-associated 

spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown in (c). (c) Kinetic fits to 

the raw data at the indicated wavelengths with the kinetic model described by Eqn. S140. (d) Model population 

kinetics, distribution of species in time. 
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Figure 4.19. Analysis of the raw PBDTT-FTTE:Ph(PDI)3 blend film data with λex = 520 nm as described in the 

text. (a) Time-resolved spectra at selected time points of PBDTT-FTTE:Ph(PDI)3 blend film with λex = 520 nm. 

(b) Evolution-associated spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown 

in (c). (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S240. 

(d) Model population kinetics, distribution of species in time. 
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Figure 4.20. Analysis of the raw PBDTT-FTTE:Ph(PDI)3 blend film data with λex = 700 nm as described in the 

text. (a) Time-resolved spectra at selected time points of PBDTT-FTTE:Ph(PDI)3 blend film with λex = 700 nm. 

(b) Evolution-associated spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown 

in (c). (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S240. 

(d) Model population kinetics, distribution of species in time. 
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Figure 4.21. Analysis of the raw PBDTTF-FTTE:Ph(PDI)3 blend film data with λex = 520 nm as described in the 

text. (a) Time-resolved spectra at selected time points of PBDTTF-FTTE:Ph(PDI)3 blend film with λex = 520 nm. 

(b) Evolution-associated spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown in 

(c). (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S240. (d) 

Model population kinetics, distribution of species in time. 
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Figure 4.22. Analysis of the raw PBDTTF-FTTE:Ph(PDI)3 blend film data with λex = 700 nm as described in the 

text. (a) Time-resolved spectra at selected time points of PBDTTF-FTTE:Ph(PDI)3 blend film with λex = 700 nm. 

(b) Evolution-associated spectra, τ1 is the decay of species A to species B, etc. with time constants τ = 1/k shown 

in (c). (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S240. 

(d) Model population kinetics, distribution of species in time. 
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Figure 4.23. nsTA spectra at selected time points of PBDTT-FTTE:Ph(PDI)3 blend film with λex = 520 nm (left) 

and nsTA spectra at selected time points of PBDTTF-FTTE:Ph(PDI)3 blend film with λex = 520 nm (right). 

Figure 4.24. Raw kinetic traces for the polymer cation decay of PBDTT-FTTE:Ph(PDI)3 and PBDTTF-

FTTE:Ph(PDI)3 blends monitored at 1150 nm in the nanosecond regime with their kinetic fits. λex = 520 nm. The 

kinetics were fit to a sum of three exponential decays convoluted with a Gaussian instrument response. 
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4.5.11. Computational Data. 

Table 4.8. Monomer (N = 1) Dipole Moments. 

 

 

Figure 4.25. Monomer optimized geometries for (A) PBDTT-FTTE and (B) PBDTTF-FTTE. 
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Table 4.9. Dimer (N = 2) Dipole Moments. 

 

 

Figure 4.26. Dimer optimized geometries for (A) PBDTT-FTTE and (B) PBDTTF-FTTE. 
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Table 4.10. Trimer (N = 3) Dipole Moments. 

 

Figure 4.27. Trimer optimized geometries for (A) PBDTT-FTTE and (B) PBDTTF-FTTE. 
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Table 4.11. Tetramer (N = 4) Dipole Moments. 

 

Figure 4.28. Tetramer optimized geometries for (A) PBDTT-FTTE and (B) PBDTTF-FTTE. 
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Figure 4.29. HOMO of PBDTT-FTTE trimer. Isosurface contour value is +/- 0.01. 

 

Figure 4.30. LUMO of PBDTT-FTTE trimer. Isosurface contour value is +/- 0.01. 
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Figure 4.31. HOMO of PBDTTF-FTTE trimer. Isosurface contour value is +/- 0.01. 

 

Figure 4.32. LUMO of PBDTTF-FTTE trimer. Isosurface contour value is +/- 0.01. 
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Table 4.12. Exciton Electron-Hole Separation. 

 

 

Figure 4.33. The 1D potential energy surface of the during the rotation of the ϕ1 torsion angle for the PBDTTF-FTTE 

polymer (black circle) and the PBDTT-FTTE polymer (red square). The minimum energy angle is circled at 30o. 

 

 

Figure 4.34. The 1D potential energy surface of the during the rotation of the ϕ 2 torsion angle for the PBDTTF-

FTTE polymer (black circle) and the PBDTT-FTTE polymer (red square). The minimum energy angle is circled at 

160o. 

E 
(k

ca
l/

m
o

l)

f1 (deg)

f1f2

fs2

fs1

PBDTTF:ϕ1

PBDTT:ϕ1

- 150 - 100 - 50 50 100 150

1

2

3

4

E 
(k

ca
l/

m
o

l)

f2 (deg)

f1f2

fs2

fs1

PBDTTF:ϕ2

PBDTT:ϕ2

- 150 - 100 - 50 50 100 150

1

2

3

4



192 

 

Figure 4.35. The 1D potential energy surface of the during the rotation of the ϕS1 torsion angle for the PBDTTF-

FTTE polymer (black circle) and the PBDTT-FTTE polymer (red square). The minimum energy angle is circled at 

130o. 

 

 

Figure 4.36. The 1D potential energy surface of the during the rotation of the ϕ S2 torsion angle for the PBDTTF-

FTTE polymer (black circle) and the PBDTT-FTTE polymer (red square). The minimum energy angle is circled at 

120o. 
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Chapter 5 – Excited-State Dynamics of Fused-Ring Postfullerene Electron Acceptor Bulk 

Heterojunctions 

 

 

 

 

 

 

 

Selections adapted with permission from Adv. Energy Mater. 2020, 23 (10), 2000635, J. Am. 

Chem. Soc. 2020, 142 (34), 14532–14547, and J. Am. Chem. Soc. 2021 143 (16), 6123-6139. 

Copyright 2020 Wiley, 2020 American Chemical Society, 2021 American Chemical Society. 
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5.1. Introduction 

 Organic solar cells (OSCs), a promising avenue for renewable energy technology, has 

experienced remarkable growth over the last several years. This technology offers several 

advantages over traditional solar panels composed of silicon, including lower processing costs, 

mechanical flexibility, and adaptability to large scale fabrication methods such as inkjet 

printing.155, 222 Despite these advantages, organic materials have a much lower dielectric 

environment than traditional semiconductors, resulting in strongly bound excitons that cannot be 

easily separated into composite holes and electrons.223-225 OSCs employ a heterojunction structure, 

with two different materials acting as the electron donor and electron acceptor with appropriate 

energetic offsets to facilitate scission of the bound exciton.27, 108, 155, 226 The most successful version 

of this technology to date consists of a bulk heterojunction (BHJ) blend composed of a conjugated 

polymer as an electron donor and a small molecule as the electron acceptor.227, 228 For decades, the 

premier electron acceptor materials have been buckminsterfullerene and its derivatives, with 

power conversion efficiencies (PCEs) of up to 10%, largely outstripping other classes of acceptor 

materials.124, 229, 230 

 More recently, there has been a renaissance in the development of small molecule 

acceptors. Early optimization of indacenodithiophene (ITIC) as an electron acceptor by Lin et al. 

produced a PCE of 6.8%, one of the highest for a so-called nonfullerene acceptor (Figure 5.1).45 

This system was quickly optimized to efficiencies of >10%, exceeding the top PCEs of fullerenes 

for the first time.167, 231, 232 This research introduced the molecular design concept of the fused-ring 

electron acceptor (FREA) as a revolutionary concept in the field of OSCs. FREAs employ an 

ADA-type structure, consisting of an electron-donating core flanked by multiple strongly electron-
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accepting end groups.112, 233-235 The strongly-electron withdrawing nature of these groups coupled 

with significant conjugation of π bonds results in these materials demonstrating significantly red-

shifted optical absorption properties, (λonset ≥ 850 nm).228, 232 By comparison, fullerene derivatives 

only absorb photons in the ultraviolet range of the electromagnetic spectrum. This greatly expands 

the range of photon energies available for absorption while the utilization of lower-energy photons 

mitigates energy losses due to thermalization. Another important feature of these structures is the 

placement of orthogonal solubilizing groups consisting of either aryl or alkyl substituents, 

imparting high solubility while allowing the individual molecules to retain π-π stacking and thus 

electronic communication between the chromophores.236-239 

 

Several iterations of ADA FREAs with a wide range of optical and electronic properties 

have been published, demonstrating the versatility of this molecular design. New research by Yuan 

et al. introduced the A-DAD-A design structure Y5 (Figure 5.1) and its derivatives that are 

Figure 5.1. Chemical structures of FREA molecules. Blue highlights denote electron accepting units and red 

highlights denote electron donating units. Dotted lines indicate structural differences in the acceptor end groups. 
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characterized by a curved backbone as opposed to the more linear structure of ITIC by 

incorporation of an electron-withdrawing unit into their electron-donating core.240 These FREAs 

are the current premier electron acceptor materials with efficiencies of over 17%.13, 241, 242 

 Many synthetic strategies have been implemented to modulate the molecular structure of 

FREAs in search of higher PCEs.113, 164, 235, 243, 244 Two notable strategies are heteroatom 

substitution and incorporation of an additional aromatic ring in the structure to extend the 

conjugation. Fluorine substitution is a powerful synthetic tool in organic semiconductors at lowers 

the frontier molecular orbital energies of molecules (thus improving Jsc)
182 and introducing 

additional electrostatic interactions that improve crystallinity in the microstructure and enhance 

charge mobilities.239 Separately, increasing the π-surface of a compound can effectively lower 

internal reorganization energy and increase overlap between molecules, enhancing electronic 

coupling and thus charge transport.208, 244 Applying each of these strategies has resulted in PCE 

improvements in several FREAs, though the effect on the exciton transfer processes in the 

heterojunctions has not been thoroughly explored. Here we investigate the excited-state dynamics 

of several FREAs in BHJ blends using steady-state and time-resolved spectroscopy techniques. 

We report on the unique photophysics of π-extended and fluorinated derivatives of ITIC known as 

ITN-F4 and ITzN-F4 (Figure 5.1) as well as those of Y5 and similarly derived molecular 

structures, BT-LIC and BT-L4F, among others (Figure 5.1). All these blends are capable of 

ultrafast charge transfer to some degree, a key phenomenon among organic photovoltaic blends 

with efficiencies  > 8%.34, 245 We find that π-extension of ITIC results in a propensity to form an 

excimer state, though this state does not diminish the PCE of these materials as is observed in other 

nonfullerene derivatives. The photophysics of Y5-type blends are significantly impacted by 
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thermal annealing, as higher hole mobilities (μhs) that result in a PCE increase also accelerate 

bimolecular recombination in transient absorption experiments (these are performed in the absence 

of an external bias). 

5.2. Experimental Details 

5.2.1. Film Preparation 

 All the films were spin-coated on 25 mm × 25 mm clean glass substrate (VWR) in an Ar-

atmosphere glovebox. ITN-F4:PBDB-T-2F blend films were spin coated from CHCl3 solutions 

(D/A ratio = 1:0.8, 5 mg/mL polymer concentration, 1000 rpm, 90 s) and ITzN-F4:PBDB-T-2F 

blend films were spin-coated from chlorobenzene solutions (D/A ratio = 1:1, 10 mg/mL polymer 

concentration, 2500 rpm, 60 s). For the control experiments, neat ITzN-F4 was spin coated from 

chlorobenzene (15 mg/mL, 2500 rpm, 60 s) and ITN-F4 films were spin-coated from CHCl3 (7.5 

mg/mL, 1000 rpm, 90 s). Neat PBDB-T-2F:Y6 films were spin-coated from 5.5, 11 mg/mL 

chloroform solution (1000 rpm, 150 s), respectively. PBDB-T-2F:Y6 films were spin-coated as 

the optimized OPV devices. Neat films of Y5, BT-LIC, BT-L4F, and BT-BO-L4F were spin 

coated from chloroform (5 mg/mL, 1000 rpm, 60 s). Blend films were spin-coated from CHCl3 

(11 mg/mL, 1000 rpm, 60 s, D:A = 1:1 for the fluorinated acceptors, D:A = 1:1.2 for the non-

fluorinated acceptor), and the donor polymers PBDB-T and PBDB-T-2F were spin coated from 

chloroform (5 mg/mL, 1000 rpm, 90 s). 

5.2.2. Steady-State Optical Characterization 

 Solution and film UV-vis spectra were recorded on a Varian Cary 100 UV-vis 

spectrophotometer. The ITN-F4 and ITzN-F4 film optical absorption spectra were recorded from 

films cast from chloroform solutions (5.0 mg/mL, 2500 rpm) onto glass slides. Solutions were 
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prepared at 0.00500 mg/mL in chloroform and measured at room temperature. The film optical 

absorption spectra of BT-LIC, BT-BIC, BT-L4F, BT-BO-L4F, Y5 and Y6 were recorded from 

films cast from chloroform solutions (5.0 mg/mL, 1000 rpm, 1 rpm = 0.105 rad/s) onto glass slides. 

Neat PBDB-T-2F:Y6 films were spin-coated from 5.5, 11 mg/mL chloroform solution (1000 rpm, 

150 s), respectively. PBDB-T-2F:Y6 bulk-heterojunction (BHJ) films were spin-coated using the 

same conditions as organic photovoltaic (OPV) devices. Emission spectra were collected on a 

Horiba Nanolog fluorimeter with a perpendicular arrangement of the excitation source and detector 

for solution samples and a front-facing arrangement for film samples. All emission spectra were 

corrected for monochromator wavelength dependence and CCD-detector spectral response 

functions. 

5.2.3. Time-Resolved Spectroscopy  

 The high-fluence femtosecond transient absorption (fsTA) and nanosecond transient 

absorption (nsTA) setups have been previously described.192 To minimize sample degradation due 

to air, all films samples were measured under vacuum in a Janis VPF-100 cryostat at room 

temperature. Kinetic analysis is performed in MATLAB using global analysis according to linear 

and non-linear kinetic models described previously.242 

5.3. Results and Discussion 

5.3.1. Excited-State Dynamics of π-Extended ADA Small Molecule Acceptors 

 ITN-F4 and ITzN-F4 are FREAs derived from the prototypical ITIC using the π-extension 

and fluorination strategies described above. These compounds function successfully as small 

molecular acceptors in organic solar cells, reaching high PCEs of 10.3% and 10.0%, 

respectively.236 While several studies have observed and commented on the ultrafast charge 
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generation processes of several ADA FREAs,33, 148, 246 the effects of these synthetic modifications 

has not yet been examined. The transient dynamics of ITN-F4 and ITzN-F4 in toluene are reported 

for the first time (Figures 5.10 and 5.11). Following photoexcitation of ITzN-F4 at 695 nm, 

ground-state bleach (GSB) features are observed from 600-750 nm and excited state absorption 

(ESA) features present from 830-1010 nm with a local maximum at 980 nm. There is also a weak 

absorption feature from 1300-1500 nm in the near-infrared region of the spectrum. Global analysis 

produces a three-state decay model A→B→C→GS. The spectral features of ITN-F4 mirror those 

of ITzN-F4, albeit with features that are red-shifted in accordance with the lower FMO energies 

of ITN-F4 and ITzN-F4. The negative feature at 760 nm is no longer present in state B in both 

ITN-F4 and ITzN-F4, thus it is assigned as a stimulated emission (SE) feature. Contrary to 

chromophores such as PDI, the excited-state behavior of FREAs consists of multiple decay 

components, likely originating from the push-pull nature of the ADA structure.192 There are no 

significant spectral shifts in any of the three components and all spectral features are present at the 

same relative intensity in each state, ruling out the possibility of other photophysical processes 

competing with decay of the excited state. The excited-state lifetimes of these compounds range 

from 100-200 ps, much shorter than that of other acceptor molecules employed in organic 

photovoltaic cells.247, 248 

We then probed the charge separation dynamics of ITN-F4 and ITzN-F4 blend films of 

the same composition used for solar cells. The donor polymer PBDB-T-2F employed in these 

blends (Figure 5.5) does not absorb at 740 nm, therefore photoexcitation at 740 nm in ITN-F4 

and ITzN-F4 blends permitted selective monitoring of hole transfer dynamics.249 Global fits of 

each film at selected wavelengths according to a nonlinear kinetic model that accounts for singlet-
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singlet annihilation and long-lived bimolecular recombination of free carriers in the blends are 

provided in the supporting information (Figures 5.5-5.9). Notably, both ITN-F4 and ITzN-F4 

conduct ultrafast hole transfer to PBDB-T-2F within the instrument response time (<300 fs), 

demonstrated by the appearance of PBDB-T-2F ground-state bleach (GSB) features just after 

excitation. These are accompanied by excited-state absorption of the acceptor (1*A) centered near 

990 nm and a broad absorption centered at ~1200 nm (Figure 5.2A and 5.2B). This broad feature 

also appears in neat films of ITN-F4 and ITzN-F4 (Figures 5.8 and 5.9) with similar decay time 

constants and is attributed to an excimer state. The excimer state observed is likely due to the high 

degree of overlap between the extended π-surfaces of the end groups of ITN-F4 and ITzN-F4 

which is retained in the blend films. Steady-state fluorescence spectra of films of ITN-F4 and 

ITzN-F4 (Figure 5.1) demonstrate broad, featureless emission profiles that are red-shifted from 

the solution emission profiles (166 nm for ITN-F4 and 112 nm for ITzN-F4), all of which are 

known characteristics of excimer emission.77, 250 The presence of these features in the blends is 

suggestive of a highly crystalline acceptor morphology that is retained even in the presence of 

PBDB-T-2F, which is consistent with GIWAXS measurements of blend films. 
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Excimer states have been observed in other NFAs67, 77, 128 and are known to act as low-

energy trap states that inhibit charge separation of the bound electron-hole pair at the interface and 

contribute to reduced charge mobilities and PCEs.23, 24, 61, 251, 252. Comparing the normalized steady-

state absorption of the blends to the transient spectra at ~1 ps at 580 nm demonstrates a significant 

(~40% and ~50%) yield of free carriers from ultrafast hole transfer in ITzN-F4 and ITN-F4, 

respectively (Figure 5.2C, D). Monitoring the kinetics of 1*A reveals that ~80% of 1*A decays 

within ~500 fs in both the blends and neat acceptors (Figure 5.12). Note this also includes the loss 

of signal due to singlet-singlet annihilation. It is likely that the excimer species formed in these 

blends represents the portion of 1*A that is unable to participate in charge separation and merely 
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Figure 5.2. Time-resolved spectra at selected time points of A. ITN-F4:PBDB-T-2F and B. ITzN-F4:PBDB-T-

2F. Single wavelength fitting of the kinetics of C. neat ITzN-F4 versus the blend at 970 nm and D. neat ITN-F4 

versus the blend at 990 nm. A and B, the signal at 580 nm was chosen to determine the degree of hole transfer as 

it contains minimal absorption signals from ITN-F4 and ITzN-F4, and at ~1 ps singlet-singlet annihilation is no 

longer contributing to changes in the absorption of the fsTA spectra. 
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behaves as a lower energy relaxation pathway of 1*A, likely originating from isolated crystalline 

domains. The presence of donor and acceptor GSB at long times suggests the presence of long-

lived charge carriers249 (Figures 5.5 and 5.7), further evidence that blends of ITN-F4 and ITzN-

F4 retain the ability to efficiently generate charges despite the presence of excimer states. The ~2 

ps and ~60 ps components in the blends are assigned to a combination of diffusion-limited charge 

separation occurring in domains of ITN-F4 and ITzN-F4 near the interface and slow excimer 

relaxation processes, and in the neat films (~2 ps and ~30 ps) are solely due to excimer relaxation. 

Multiple decay components are largely a result of different populations arising from disorder in 

the solid state. The > 1 ns decay component in the blends is assigned to bimolecular recombination 

of the charge-separated hole and electron. From these data, the extensive π-conjugation and 

molecular ordering of ITN-F4 and ITzN-F4 enable access to an excimer state that accounts for 

the acceptor excitations that do not participate in charge separation, in contrast to multiexponential 

decay of 1*A in other fused-ring acceptors. Overall, the high PCEs and electron mobilities of ITN-

F4 and ITzN-F4 are promoted by ultrafast hole transfer and the ability to generate free carriers 

despite the formation of an excimer state. 

5.3.2. Photoinduced Charge Generation Processes of PBDB-T-2F:Y5 Blend Films 

While FREAs of the ADA-type design structure have been optimized to PCES of as high as 

14%, other molecular designs have yielded even higher efficiencies. The A-DAD-A-type 

molecular structure Y6 developed by Yuan et al. demonstrated an initial PCE of 15.7%, 

outperforming ITIC and its derivatives.240 A number of initial studies found that thermal annealing 

had pronounced effects on the performance of solar cells based on Y6.242, 253, 254 Owing to the more 

recent development of FREAs of this type, the charge transfer dynamics of these molecules are 
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less well-understood. Thus, femtosecond/nanosecond transient absorption (fs/ns TA) 

spectroscopies were employed to examine photoinduced charge generation processes in these 

materials. The excited state dynamics of Y6 were first examined in solution. Time-resolved 

spectral analysis of Y6 in toluene excited at 670 nm is reported (Figure 5.17). The excited-state 

dynamics of this molecule are similar to those of the aforementioned ADA-type molecules, with 

several decay components that likely result from the electronic push-pull character of the 

chromophore. The overall excited state lifetime is somewhat longer in Y6 than in ITIC and the 

derivatives explored above, persisting for ~500 ps compared to 100-200 ps in the ADA case. There 

is also an additional decay component that persists past the ~7 ns time window of the experiment, 

which may be some small contribution from an intersystem crossing event to the lowest triplet 

excited state. The yield of this process is typically low in organic molecules, which appears to hold 

in this case given the low absorptive intensity of this feature. 

 Next, the thermal annealing effects on charge photogeneration and recombination dynamics in 

PBDB-T-2F:Y6 films were investigated. Excitation of Y6 at λ = 740 nm permits selective 

monitoring of charge dynamics by hole transfer (Figure 5.3A and 5.3B).192 Each PBDB-T-2F:Y6 

film was globally fit at selected wavelengths to a higher order kinetic model consisting of multiple 

first-order decays, a singlet-singlet annihilation (SSA) component, and a bimolecular mechanism 

that accounts for recombination of unbound electrons and holes (Figures 5.14 and 5.15). The 

appearance of ground-state bleach (GSB) features of PBDB-T-2F at 630 nm in both the as cast 

and annealed PBDB-T-2F:Y6 films within the instrument response function (w < 300 fs) is 

indicative of ultrafast hole transfer, a known occurrence in high-efficiency BHJs.28, 40 
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In these blends, the bleach features maximize with the instrument response function and 

therefore, only the decay of the polymer GSB is observed (Figure 5.3A, B). Unexpectedly, the fits 

for the annealed PBDB-T-2F:Y6 film (Figure 5.15) indicates that the kinetics are accelerated 

when compared to the as cast PBDB-T-2F:Y5 film (Figure 5.14). Importantly, annealed PBDB-

T-2F:Y6 undergoes BR more rapidly (kBR = 1.7 ± 0.1 ×1010 ΔA-1 s-1) than does as cast PBDB-T-

2F:Y6 (kBR = 5.2 ± 0.4 × 108 ΔA-1 s-1). Normalized spectra at long times (~ 6 ns) suggest the as 

cast PBDB-T-2F:Y5 produces a larger quantity of FCs (Figure 5.3C), contrary to expectations 

based on PCEs. Additionally, though both blend films display long-lived PBDB-T-2F and Y6 

GSB features that suggest persistence of FCs, FC recombination monitored at these features in the 

Figure 5.3. Selected time points of the fsTA spectrum (λex = 740 nm) of (A) the as cast PBDB-T-2F:Y5 BHJ and 

(B) the annealed PBDB-T-2F:Y5 BHJ zoomed into the visible region demonstrating ultrafast hole transfer. (C) 

Transient absorption spectra at 6 ns for blends excited at 740 nm in fsTA experiments, normalized to the Y5 

bleach at 865 nm immediately after excitation. (D) FC decay dynamics monitored at the polymer GSB (630 nm) 

in the nsTA experiments. 
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nsTA experiment occurs more rapidly in annealed PBDB-T-2F:Y6 by an order of magnitude 

(Figures 5.18 and 5.19), consistent with the observations from the fsTA data. As a result, as cast 

PBDB-T-2F:Y6 produces an overall higher yield of FCs at times > 1 μs (Figure 5.3D). The 

differences in the charge carrier dynamics of the PBDB-T-2F:Y6 films are better understood in 

conjunction with the BHJ morphological observations from the AFM, XPS, and NEXAFS 

measurements. More extensive individual component mixing in the annealed PBDB-T-2F:Y6 film 

implies an increase in interfacial contact points between the donor PBDB-T-2F domains and 

acceptor Y6 domains, which increases the possibility for FCs to recombine. 

Thus, the accelerated FC recombination and lower overall yield in the annealed PBDB-T-2F:Y5 

film is likely due to (1) the altered vertical phase segregation and increased PBDB-T-2F:Y6 

contact interface, and (2) the significantly enhanced μh (> 10-3 cm2 V-1 s-1), both of which allow 

the photogenerated FCs move easily and encounter more interface to suffer faster and more BR. 

Note the TA experiments are conducted in the absence of an external electrical bias, which is 

known to impact the FC dynamics as well. These observations are similar to those recorded for 

other high-performance BHJs, in which slower/less FC recombination, longer FC lifetime, and 

higher FC yield was observed in the blends demonstrating clear donor/acceptor phase 

segregation.223, 225, 255-257 Overall, these results suggest that the primary factors that determine the 

increased PCE in annealed PBDB-T-2F:Y6 are morphological in nature, and the ultrafast 

photogenerated charge carrier dynamics is not the only factor that decides the final PCE, since 

other parameters such as photon absorption, charge transport and collection also affect 

photoconversion in completed devices.258-260 Ultimately, the insights derived from time-resolved 
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absorption spectroscopy are not decisive in isolating the differences in PBDB-T-2F:Y6 solar cell 

performance and other related electronic measurements are needed. 

5.3.3. Excited-State Dynamics of Fluorinated and π-Extended Y6 Derivatives 

Following the establishment of Y6 as the premier FREA material, many studies have sought to 

synthetically tune the molecular structure in hopes of improving PCE. The success of fluorination 

and π-extension in ADA-type FREAs made them ideal strategies for optimizing the molecular 

structure of Y6. As part of a comprehensive study on the effects of these molecular modifications, 

transient absorption spectroscopy (fsTA) and nanosecond transient absorption spectroscopy 

(nsTA) were utilized to investigate charge photogeneration and recombination to further 

understand differences in device performance in systematically π-extended and fluorinated A-

DAD-A acceptor materials. The excited-state dynamics of Y5 Y6, BT-LIC, BT-L4F, and BT-

BT-L4F were characterized in toluene solution (Figures 5.30-5.34). All five compounds exhibit 

similar photophysical behavior, undergoing three successive first-order decays followed by 

relaxation to a fourth species that lives past the time window of the experiment (7 ns). Both 

fluorination and π-extension appear to individually extend the excited state lifetime. The non-

fluorinated Y5 decays in 279 ± 0.8 ps while Y6 decays in 475 ± 1.6 ps and the non-fluorinated π-

extended BT-LIC decays in 419 ± 1.4 ps. The incpororation of both strategies extends the lifetime 

even further, as BT-L4F and BT-BO-L4F decay in 616 ± 3.3 ps and,  600 ± 4.0 ps, respectively. 

Spin-coated films of the BHJ blends were selectively photoexcited at 760 nm, minimizing electron 

transfer processes due to negligible absorption of the polymer donor materials, and thus permitting 

kinetic analysis exclusively involving hole transfer. A global analysis was applied to each dataset 

according to a sequential kinetic model accounting for singlet-singlet-annihilation and bimolecular 
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recombination (BR) of free carriers (FCs) as described in the Supplementary Information. While 

fluorination does not appear to significantly impact the transient dynamics in the neat films, π-

extension produces significant spectra differences. The time-resolved spectra of neat films of BT-

L4F and BT-BO-L4F have a particularly pronounced absorptive feature beginning at 1200 nm 

and extending past the spectra window of the experiment. This is likely attributable to an excimer 

relation process as was previously observed for ITN-F4 and ITzN-F4 previously (Figures 5.25 

and 5.28). However, in the blend films, this feature is of much weaker intensity relative to the pure 

excited-state peak at 980 nm, unlike in ITzN-F4 and ITN-F4. This implies that the presence of 

the donor polymer, whether through competing charge generation or morphological changes, 

inhibits the formation of this lower energy state. This may partially account for the observed PCEs 

exceeding 16% compared to ITN-F4 and ITzN-F4 that have maximum PCEs of about 10%. 

Further examination of the blend films reveals ultrafast hole transfer from the acceptor material to 

the donor polymer within 300 fs (the instrument limit) for each blend (Figures 5.14, 5.20-5.29) 

following the established trend in many recently reported high-efficiency OSC materials,31 and 

reaffirming the ability of BHJ blends incorporating A-DAD-A type NFAs to efficiently generate 

bound excitons following light absorption (Figure 5.4). 
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Power dependence studies confirm that ultrafast hole transfer occurs to some degree 

independent of the laser fluence (Figure 5.35). At a low laser fluence, the kinetics at the polymer 

GSB (630 nm) experience a slower growth, with the GSB maximizing between 10-100 ps (Figure 

5.35), consistent with other reports of high-performing NFAs.261, 262 Slower hole transfer dynamics 

are apparent in Y5 when compared to the newly synthesized acceptors (Figure 5.35), indicating 

some favorability for hole transfer in these blends, likely owing to the lower hole reorganization 

energies induced by extended conjugation in the end groups. Furthermore, nsTA experiments 

demonstrate long-lived bleach features past ~100 ns, indicating the presence of free carriers even 

at long times (Figure 5.37). The polymer ground-state bleach is accompanied by excited state 

absorption near 980 nm that is likely associated with the acceptor anion, which indicates the 

presence of free carriers (Figures 5.14, 5.23, 5.25, 5.27, 5.29). Recombination of the free carriers 

is reflected in the polymer GSB in nsTA experiments, in which the decay of the polymer GSB is 

complete by ~70 ns in blends of BT-BO-L4F, while there is a third, slow decay component of 

~400 ns for PBDB-T-2F:Y6 blends (Figure 5.4B). 

Figure 5.4. FC decay dynamics and single wavelength fits monitored at the polymer GSB (630 nm) in the nsTA 

experiments for (a). PBDB-T:Y5 and PBDB-T:BT-LIC and (b). PBDB-T-2F:Y5 and PBDB-T-2F:BT-BO-

L4F. Data are inverted for clarity. (c). Bimolecular component from the evolution-associated spectra of the fsTA 

of PBDB-T-2F:BT-L4F and PBDB-T-2F:BT-BO-L4F. 
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Impedance photocurrent device analysis performed on Y6 cells vs. BT-BO-L4F cells 

indicates that the superior performance of BT-BO-L4F is the result of improved μeff despite an 

apparent larger kBR based on the scaling of the θ parameter. These results are consistent with those 

on previously studied Y6 cells in which higher FF and PCE result from increases in μeff although 

fsTA experiments indicate an increase in BR (we note that the measured BR rate is at open circuit 

conditions).8 The difference in performance between BT-L4F and BT-BO-L4F can be attributed 

to BT-BO-L4F maintaining more FCs at long times, as indicated by the polymer GSB (Figure 

5.4C). This would suggest that while all acceptors can generate FCs with lifetimes sufficiently 

long enough to be collected as charges, BT-L4F and BT-BO-L4F experience accelerated 

recombination times owing to their increased mobilities in these experiments, which under device 

operating conditions translates into increased charge collection and higher PCE. Similarly, the 

polymer GSB is ~90% depleted by 30-40 ns in both PBDB-T-centric blends, though PBDB-T:Y5 

demonstrates a slower third decay component of 1.1 μs (Figure 5.4A). In contrast to the PBDB-

T-2F donor systems, the measured µh and µe values are generally similar in the case of PBDB-

T:Y5 versus PBDB-T:BT-LIC. Here the differences in measured BR rates are likely attributable 

to a slight increase in domain size in PBDB-T:Y5 that may diminish charge transport and facilitate 

trapping of free charge carriers. Thus, the differences in µh/µe and morphology are consistent with 

the superior performance of PBDB-T-2F:BT-BO-L4F devices and reinforce the synergy of π-

extension and fluorination as effective tools for OSC device improvements. 

5.4. Conclusions 

 Here we have examined the photophysics of several FREA molecules and rationalized 

observed spectral trends in relation to their photovoltaic performance. ITN-F4 and ITzN-F4 
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demonstrate ultrafast charge generation in the solid state as well as formation of an excimer state 

in pure acceptor domains, which decays rapidly and does not inhibit the photovoltaic response of 

these materials. Blends of PBDB-T-2F:Y6 exhibit increased recombination of free carriers in the 

transient experiments despite their increased PCE, which reinforce the importance of the increased 

μh and the propagation of free carriers under operating device conditions. Similar behavior is 

observed for the π-extended and fluorinated molecular series Y5, Y6, BT-LIC, BT-L4F and BT-

BO-L4F, in which increases in the charge mobility μeff outweigh the bimolecular recombination 

factor kBR in fabricated devices. 

5.5. Supplementary Information 

5.5.1. Structure of Polymer Donors. 

 
Figure 5.5. Chemical structures of donor polymers used in the blend films. 
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5.5.2. Global Analysis of ITzN-F4 and ITN F4. 

 

Figure 5.6. Global fits of the ITN-F4:PBDB-TF blend excited at 740 nm as described in the text. A. Time-resolved 

spectra at selected time points of ITN-F4:PBDB-TF; B. Evolution-associated spectra, k1 is the decay of species A to 

species B, etc.; C. Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. 

S4236.; D. Model population kinetics, distribution of species in time.  
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Figure 5.7. Global fits of the ITzN-F4:PBDB-TF blend excited at 740 nm as described in the text. A. Time-resolved 

spectra at selected time points of ITzN-F4:PBDB-TF B. Evolution-associated spectra, k1 is the decay of species A to 

species B, etc.; C. Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. 

S4236; D. Model population kinetics, distribution of species in time.  
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Figure 5.8. Global fits of the ITN-F4 neat film excited at 740 nm as described in the text. A. Time-resolved spectra 

at selected time points of ITN-F4; B. Evolution-associated spectra, k1 is the decay of species A to species B, etc.; C. 

Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S3236.; D. Model 

population kinetics, distribution of species in time.  
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Figure 5.9. Global fits of the ITzN-F4 neat film excited at 740 nm as described in the text. A. Time-resolved spectra 

at selected time points of ITzN-F4; B. Evolution-associated spectra, k1 is the decay of species A to species B, etc.; C. 

Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S3236.; D. Model 

population kinetics, distribution of species in time.  
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Figure 5.10. Global fits of the ITN-F4 toluene solution excited at 695 nm. A. Time resolved spectrum of solution 

ITN-F4. Data from 680-720 nm are removed via masking due to pump scatter. B. Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described by Eqn. S1236. C. Evolution-associated spectra with time 

constants τ = 1/k. D. Model population kinetics, distribution of species in time. 

 

 

 

 

 



216 

 
Figure 5.11. Global fits of the ITzN-F4 toluene solution excited at 695 nm. A. Time resolved spectrum of solution 

ITzN-F4. Data from 680-720 nm are removed via masking due to pump scatter. B. Kinetics fits to the raw data at the 

indicated wavelengths with the kinetic model as described by Eqn. S1236. C.  Evolution-associated spectra with time 

constants τ = 1/k. D. Model population kinetics, distribution of species in time. 
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5.5.4. Single-Wavelength Analysis of ITzN-F4 and ITN-F4. 

 

Figure 5.12. Single wavelength fitting of the kinetics of A. neat ITN-F4 versus the blend at 990 nm and B. neat ITzN-

F4 versus the blend at 970 nm. A and B, the signal at 580 nm was chosen to determine the degree of hole transfer as 

it contains minimal absorption signals from ITN-F4 and ITzN-F4, and at ~1 ps singlet-singlet annihilation is no longer 

contributing to changes in the absorption of the fsTA spectra. 

 

5.5.5. Emission Spectra of ITzN-F4 and ITN-F4. 

 

Figure 5.13. Steady-state fluorescence spectra of A. ITzN-F4, and B. ITN-F4. Scattering from the excitation beam 

is removed by masking. 
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5.5.6. Global Analysis of PBDB-T-2F:Y6. 

 

Figure 5.14. Global fits of the as cast PBDB-T-2F:Y6 film excited at 740 nm as described in the text. (a) Time-

resolved spectra at selected time points of as cast PBDB-T-2F:Y6, (b) Evolution-associated spectra, k1 is the decay 

of species A to species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model 

described by Eqn. S4242. (d) Model population kinetics, distribution of species in time. 
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Figure 5.15. Global fits of the annealed PBDB-T-2F:Y6 film (110 °C for 3 mins) excited at 740 nm as described in 

the text. (a) Time-resolved spectra at selected time points of annealed PBDB-T-2F:Y6, (b) Evolution-associated 

spectra, k1 is the decay of species A to species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with 

the kinetic model described by Eqn. S4242. (d) Model population kinetics, distribution of species in time. 
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Figure 5.16. Global fits of the neat Y6 film excited at 740 nm as described in the text. (a) Time-resolved spectra at 

selected time points of neat Y6, (b) Evolution-associated spectra, k1 is the decay of species A to species B, etc. (c) 

Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S2242. (d) Model 

population kinetics, distribution of species in time. 
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Figure 5.17. fsTA of Y6 in toluene solution excited at 670 nm at the absorption maxima. (a) Time resolved spectrum 

of Y6 in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated wavelengths with 

the kinetic model as described by Eqn. S1242. τ = 1/k. (d) Model population kinetics, distribution of species in time. 
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5.5.7. Nanosecond Time-Resolved Spectra of PBDB-T-2F:Y6. 
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Figure 5.18. nsTA spectrum of as cast PBDB-T-2F:Y5 film with λex = 740 nm at selected time points. 
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Figure 5.19. nsTA spectrum of annealed PBDB-T-2F:Y6 film (110 °C for 3 mins) with λex = 740 nm at selected time 

points. 
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5.5.8. Global Analysis of Fluorinated and π-Extended A-DAD-A FREAs. 

 

Figure 5.20. Global fits of the neat PBDB-T film excited at 520 nm as described in the text. (a) Time-resolved spectra 

at selected time points of neat PBDB-T, (b) Evolution-associated spectra, k1 is the decay of species A to species B, 

etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) 

Model population kinetics, distribution of species in time. 
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Figure 5.21. Global fits of the neat PBDB-T-2F film excited at 620 nm as described in the text. (a) Time-resolved 

spectra at selected time points of neat PBDB-T-2F, (b) Evolution-associated spectra, k1 is the decay of species A to 

species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. 

S1243. (d) Model population kinetics, distribution of species in time. 
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Figure 5.22. Global fits of the neat Y5 film excited at 760 nm as described in the text. (a) Time-resolved spectra at 

selected time points of Y5, (b) Evolution-associated spectra, k1 is the decay of species A to species B, etc. (c) Kinetic 

fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) Model population 

kinetics, distribution of species in time. 
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Figure 5.23. Global fits of the PBDB-T:Y5 blend film excited at 760 nm as described in the text. (a) Time-resolved 

spectra at selected time points of PBDB-T:Y5 (b) Evolution-associated spectra, k1 is the decay of species A to species 

B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) 

Model population kinetics, distribution of species in time. 
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Figure 5.24. Global fits of the neat BT-LIC film excited at 760 nm as described in the text. (a) Time-resolved spectra 

at selected time points of BT-LIC, (b) Evolution-associated spectra, k1 is the decay of species A to species B, etc. (c) 

Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) Model 

population kinetics, distribution of species in time. 
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Figure 5.25. Global fits of the PBDB-T:BT-LIC blend film excited at 760 nm as described in the text. (a) Time-

resolved spectra at selected time points of PBDB-T:BT-LIC, (b) Evolution-associated spectra, k1 is the decay of 

species A to species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described 

by Eqn. S1243. (d) Model population kinetics, distribution of species in time. 
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Figure 5.26. Global fits of the neat BT-L4F film excited at 760 nm as described in the text. (a) Time-resolved spectra 

at selected time points of BT-L4F, (b) Evolution-associated spectra, k1 is the decay of species A to species B, etc. (c) 

Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) Model 

population kinetics, distribution of species in time. 
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Figure 5.27. Global fits of the PBDB-T-2F:BT-L4F blend film excited at 760 nm as described in the text. (a) Time-

resolved spectra at selected time points of PBDB-T-2F:BT-L4F, (b) Evolution-associated spectra, k1 is the decay of 

species A to species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described 

by Eqn. S1243. (d) Model population kinetics, distribution of species in time. 
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Figure 5.28. Global fits of the neat BT-BO-L4F film excited at 760 nm as described in the text. (a) Time-resolved 

spectra at selected time points of BT-BO-L4F, (b) Evolution-associated spectra, k1 is the decay of species A to species 

B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model described by Eqn. S1243. (d) 

Model population kinetics, distribution of species in time. 
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Figure 5.29. Global fits of the PBDB-T-2F:BT-BO-L4F blend film excited at 760 nm as described in the text. (a) 

Time-resolved spectra at selected time points of PBDB-T-2F:BT-BO-L4F, (b) Evolution-associated spectra, k1 is the 

decay of species A to species B, etc. (c) Kinetic fits to the raw data at the indicated wavelengths with the kinetic model 

described by Eqn. S1243. (d) Model population kinetics, distribution of species in time. 
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Figure 5.30. fsTA of Y5 in toluene solution excited at 700 nm at the absorption maxima. (a) Time resolved spectrum 

of Y5 in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated wavelengths with 

the kinetic model as described by Eqn. S1243. τ = 1/k. (d) Model population kinetics, distribution of species in time. 
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Figure 5.31. fsTA of Y6 in toluene solution excited at 700 nm at the absorption maxima. (a) Time resolved spectrum 

of Y6 in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated wavelengths with 

the kinetic model as described by Eqn. S1243. τ = 1/k. (d) Model population kinetics, distribution of species in time. 



235 

 

Figure 5.32. fsTA of BT-LIC in toluene solution excited at 700 nm at the absorption maxima. (a) Time resolved 

spectrum of BT-LIC in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated 

wavelengths with the kinetic model as described by Eqn. S1243. τ = 1/k. (d) Model population kinetics, distribution of 

species in time. 
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Figure 5.33. fsTA of BT-L4F in toluene solution excited at 700 nm at the absorption maxima. (a) Time resolved 

spectrum of BT-L4F in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated 

wavelengths with the kinetic model as described by Eqn. S1243. τ = 1/k. (d) Model population kinetics, distribution of 

species in time. 
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Figure 5.34. fsTA of BT-BO-L4F in toluene solution excited at 700 nm at the absorption maxima. (a) Time resolved 

spectrum of BT-BO-L4F in solution. (b) Evolution-associated spectra. (c) Kinetics fits to the raw data at the indicated 

wavelengths with the kinetic model as described by Eqn. S1243. τ = 1/k. (d) Model population kinetics, distribution of 

species in time. 
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5.5.9. Laser Fluence-Dependent fsTA Spectra of FREA Blend Films. 

 

Figure 5.35. fsTA spectra excited at λ = 760 nm at a time delay τ = 0.3 ps using several different laser fluences for 

A) PBDB-T:Y5 B) PBDB-T:BT-LIC C) PBDB-T-2F:Y6 D) PBDB-T-2F:BT-L4F E) PBDB-T-2F:BT-BO-L4F. 

 

5.5.10. Single-Wavelength Analysis of FREA Blend Films. 

 

Figure 5.36. Kinetics at 630 nm from the fsTA experiments with laser fluence 2.6 μJ/cm2 A) PBDB-T:Y5 and PBDB-

T:BT-LIC B) PBDB-T-2F:Y6, PBDB-T-2F:BT-L4F and PBDB-T-2F:BT-BO-L4F. 
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Figure 5.37. FC decay dynamics and single wavelength fits monitored at the polymer GSB (630 nm) in the nsTA 

experiments for PBDB-T-2F:BT-L4F. Data are inverted for clarity. 

 

5.5.11. nsTA Spectra of FREA Blend Films. 

 

Figure 5.38. nsTA spectra excited at λ = 760 nm at selected time points for A) PBDB-T:Y5 B) PBDB-T:BT-LIC C) 

PBDB-T-2F:Y6 D) PBDB-T-2F:BT-L4F E) PBDB-T-2F:BT-BO-L4F. 
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