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Abstract 

Naphthalene diimide (NDI) is a powerful excited -stated photoxidant that has 

enabled light -triggered oxidative processes to be investigated. In this dissertation, the 

synthetic and spectroscopic tunability of NDI is leveraged to underpin several essential 

biological energy transduction mechanisms, including pure electron transfer (ET), 

concerted proton coupled electron transfer (PCET), sequential electron transfer followed 

by proton transfer (ET-PT), and ratcheted ET. The ultimate goal of this work is to bui ld 

energy transduction function from scratch in bioinspired de novo proteins that orchestrate 

the movement of electrons (e-s), holes (h+s), and protons (H+s) to redox-active amino acids 

using bound cofactors. This work leverages both experiment and theory to achieve this 

goal. The molecular energy transduction wor k outlined in this dissertation is currently 

being used to design de novo proteins that independently control the light -triggered flow 

of e-s, h+s, and H+s to enable both concerted and sequential flow of these charges. The 

presented work underpins the energy -transduction function of natural proteins, such as 

Photosystem II, and establishes the groundwork to engineer soft materials that produce 

high potential photoproducts, possess novel electro-optic function, and transduce energy 

via designed ET and PT pathways.  
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1. Introduction 

Life has been evolving its biological processes for millions of years to create 

biochemical machines of maximum efficiency. Humans, however, have only been 

tackling the problem of mechanical efficiency since the industrial revolution. 2 

Fundamentally, these machines operate in a similar manner as both transform chemical 

energy into useful work; however, biological machines are more efficient than human 

ÔÈËÌɯÔÈÊÏÐÕÌÚɯÈÚɯÔÈÕàɯÖÍɯÕÈÛÜÙÌɀÚɯÉÐÖÔÈÊÏÐÕÌÚɯÈÙÌɯǿƝƔǔɯÌÍÍÐÊÐÌÕÛɯÞÏÐÓÌɯÔÖÚÛɯÖÍɯ

human made machines are 25-50% efficient.2 Biological machinery uses light, cofactors, 

ion gradients, and signaling molecules as energy inputs. Most notably, biological 

photosynthetic units convert solar energy into chemical energy that fuels further 

reactions in the form of charge (electron/hole). The shuttling of this charge through 

protein machinery occurs via redox cofactors, in which, one molecule is a donor (D) and 

one is an acceptor (A).2 As the charge continues to move, it produces a charge-separated 

state (CS) in which the charge becomes accessible to drive further reactions. Directing 

the flow of energy and charge (electrons or holes) through macromolecular assemblies is 

a core challenge faced in biology, material science and chemical physics. Nature uses 

proteins to shuttle charge efficiently for catalysis, signal transduction, generation of 

mechanical work, etc.2 Many of these proteins function in aerobic conditions, which 

utilize the redox couple O 2/H 2O to power chemical transformations. However, over time 

reactive oxygen species form in the presence of light which can cause deleterious effects 
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to the protein side chains and backbone. It is hypothesized that nature has developed a 

method to diffuse this oxidative stress through the redox active side chains, Trp and Tyr, 

with nearly one third of all proteins containing a Trp/Tyr chain of three or more 

residues.3 The aromatic amino acids serve as a hole hopping wire through which charges 

may transported to the protein surface.  

Hole hopping is conversely accompanied by electron transfer (ET). Natural redox 

machines orchestrate the flow of electrons and protons simultaneously via proton 

coupled electron transfer (PCET) events. PCET couples redox processes to the 

generation of proton motive forces (PMFs) and regulates the redox potentials of charge-

separated states central to energy transduction. In PCET, management of the Proton 

Transfer (PT) energetics may be critical to ensure productive transfer of charge.  

This dissertation work is centered around looking to  uncover the ways that 

proteins control biological energy transduction.  The ultimate goal of this work is to  

build energy transduction function from scratch in bioinspired de novo proteins  that 

orchestrate the movement of electrons (e-s), holes (h+s), and protons (H+s) to redox-active 

amino acids using bound cofactors. Towards this goal, molecular constructs utilizing 

naphthalene diimide photooxidants  enabled novel insights into  key biological energy 

transduction mechanisms, including sequential ET -PT, concerted PCET, and ratcheting 

ET. This work  leverages both experiment and theory to achieve this goal. The molecular 
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energy transduction worked outlined in this dissertation is  currently  being used to 

design de novo proteins that independently control the light -triggered flow of e -s, h+s, 

and H+s to enable both concerted and sequential flow of these charges (Fig. A ). The 

presented work under pins the energy-transduction function of natural proteins , such as 

Photosystem II, and establishes the groundwork to engineer soft materials that produce 

high potential photoproducts, possess novel electro-optic function, and transduce 

energy via designed ET and PT pathways.  

1.1 Photosystem II (PSII)  

Photosystem II (PSII) is a light harvesting protein complex that is essential for life 

itself via conversion of carbon dioxide to sugars and water to oxygen. PSII serves as a 

hotbed for inspiration for artificial photosynthetic molecular 4-6 and de novo protein 7-8  

Figure 1. Research Strategy 
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Figure 2. Photosystem II 9 

systems, as researchers look to uncover the key fundamental features that allow for the 

protein to  be near unity quantum efficiency in  separating charge over 35 Å without 

recombination  of charge (Figure 1). Light triggered excitation of the special pair (P680*) 

reduces a nearby pheophytin A (PheoAȺȮɯÍÖÙÔÐÕÎɯÛÏÌɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÌËɯÚ×ÌÊÐÌÚɯ/ƚƜƔɈǶɯ

ÈÕËɯ/ÏÌÖ ɈǸȭɯ2ÜÉÚÌØÜÌÕÛɯÌÓÌÊÛÙÖÕɯÛÙÈÕÚÍÌÙɯÌÝÌÕÛÚɯÙÌËÜÊÌɯ0A and QB. In the oxidative 

×ÈÛÏÞÈàȮɯ/ƚƜƔɈǶɯÖßÐËÐáÌÚɯ3àÙZ, which is hydrogen bonded to a proximal histidine 

residue (His 190ȺȮɯàÐÌÓËÐÕÎɯÈɯÕÌÜÛÙÈÓɯÙÈËÐÊÈÓɯȹ3àÙáɈ). 3àÙáɈɯthen oxidizes the OEC. This 

lighter triggered charge separation process occurs 4 successive times in which the 

reducing equivalents go on to fix CO 2 in to sugars and O2 is produced from water. 9 
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Figure 3.Tyr -His couple in PSII 10 

A critical step in the production of O 2 in PSII, is the redox intermediate tyrosine Z 

(Tyr Z) between the chlorophyll special pair (P680) and the oxygen-evolving complex 

(OEC) When Tyr is oxidized to Tyr ɈǶɯit becomes a strong acid (pKa: 10 to -2) which 

undergoes proton transfer in a concerted mechanism to TyrɈ when H -bonded to His (His 

pKa: ~6) or water (pKa: 4.5). Hydrogen bonding is less common with other redox active 

amino acids. Oxidized Trp is most commonly found as Trp ɈǶ (pKa: 17 to 4) in 

biologically relevant pHs .10  

The Tyrz -His190 couple shown to be essential in the oxidation of Tyr. When His 

of the Tyr Z - His190 pair in PSII is mutated to Ala the rate of oxidation of Tyr Z reduces 

dramatically.  However,  Tyr Z oxidation rate regains partial function of O 2 generation in 

the presence of the hydrogen bond donor,  imidazole. 11 There is much evidence that 

highlights the importance of Tyr -His H -bond in the production of O 2.12-14 Since the 

crystal structure of PSII OEC was resolved showing orthogonal TyrZ -His190 H-bond in 



6 

 

2004,15 there has been a 13-ÍÖÓËɯÐÕÊÙÌÈÚÌɯÐÕɯɁ/ÙÖÛÖÕɯ"ÖÜ×ÓÌËɯ$ÓÌÊÛÙÖÕɯ3ÙÈÕÚÍÌÙɂɯÚÌÈÙÊÏɯ

results on Google Scholar. Due to the rapidly evolving nature of the field, there has been 

a plethera of research focused on molecular PCET systems.16-24 

1.2 Mechanisms of Proton Coupled Electron Transfer (PCET) 

PCET can occur through several different mechanisms. If the driving force for 

ÌÓÌÊÛÙÖÕɯÛÙÈÕÚÍÌÙɯȹȈ&ET) is high, electron transfer is followed by proton transfer (ETPT). 

6ÏÌÕɯÛÏÌɯȈ&ET ÈÕËɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÍÖÙɯ×ÙÖÛÖÕɯÛÙÈÕÚÍÌÙɯȹȈ&PT) are roughly the same PCET 

occurs via a concerted proton electron transfer (CPET). Lastly, in systems with a strong 

ÉÈÚÌȮɯÖÙɯÏÐÎÏɯȈ&PT, proton transfer is followed by electron transfer (PTET).  There are 

ÔÈÕàɯÍÈÊÛÖÙÚɯÛÏÈÛɯÊÖÕÛÙÐÉÜÛÌɯÛÖɯÛÏÌɯÔÌÊÏÈÕÐÚÔÚɯ/"$3ɯÐÕÊÓÜËÐÕÎȮɯȈ&ȮɯȈ×*ÈȮɯÚÖÓÝÌÕÛɯ

ËÐÌÓÌÊÛÙÐÊɯȹϘsȺȮɯÙÌÖÙÎÈÕÐáÈÛÐÖÕɯÌÕÌÙÎàɯȹϞȺȮɯÌÛÊȭ 

 

Figure 4. PCET Mechanisms. A) Top pathway shows sequential ET -PT. 

Concerted PCET is shown in the middle. The bottom pathway represents PT -ET. B) 

Reaction coordinate of ET -PT, concerted PCET, and PT-ET. 22 
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In 2019, Glover and Hammarstrom published a perspective on mechanistic 

determination of PCET.22 Almost all preceding literature utilizes ground -state 

biomolecular PCET reactions to study PCET mechanistic switching. 25-29 Historically, the 

use of kinetic arguments is most common method for PCET mechanistic determination 

in varied driving force studies. 22 At modest thermodynamic driving forces, the most 

likely mechanism of PCET is concerted PCET. Since this mechanism involves 

simultaneous ET and PT, there is no reaction intermediate to be observed. To validate a 

concerted mechanism, kinetic arguments are used in which there is a modest response to 

the rate of oxidation as a response to changes in thermodynamic driving force. The 

Kinetic Isotope Effect (KIE) is a supporting experiment for mechanistic determination for 

PCET and has served most valuable for assigning concerted PCET mechanisms.30 

However, KIE is not a reliable experiment if PCET moiety contains a non -linear H -bond. 

Solvent, temperature, and pressure dependence are commonly used as follow-up 

studies to assure a PCET mechanism.31-32 PT-ET is only possible if the pKa of the proton 

acceptor is greater than that of the proton donor.  

The most convincing method of mechanistic determination for stepwise ET -PT 

would be by directly observing an intermediate state for oxidized TyrOH ɈǶ. However, it 

is has remained very elusive in spectroscopically observing a TyrOHɈǶ signal in ET-PT 

reations. Most of the preceding literature has studied PCET reactions in aqueous or 

hydrogen bonding media, in which rapid deprotonation of the TyrOH ɈǶ occurs. Due to 



8 

 

the short-lived nature of the TyrOH ɈǶ intermediate, the cationic state has not be observed 

in nature until recently in the Flavoenzyme TrmFO. 33 Additionally, even in simplified 

molecular model systems the TyrOHɈǶɯhas been elusive. Sequential ET-PT processes 

utilizing ground -state oxidation of Tyr via flash -quench methodology occurs too slow 

(ns timescale) to observe the TyrOHɈǶɯintermediate as deprotonation occurs rapidly in 

aqueous media.27 TyrOH ɈǶɯsignals have only been unambiguously identified via ground -

state oxidation in non -aqueous environments.34-35 

1.3 Current Advances in Molecular PCET: Flash-quench Systems 

 

Figure 5. Flash-Quench Scheme.36 

The flash-quench methodology was pioneered by Gray and Winkler in 1991. 36  

Light driven e xcitation of a hole donor (A) is quenched by an external oxidant (Q). The 

ground state oxidant (A +) is now capable of oxidizing the internal hole acceptor (D) . 

Recombination of charge regenerates ground state molecules.   
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Given the utility and accessibility of this method of ground -state oxidation, nearly all of 

the work  surrounding  PCET mechanistic investigation has used flash-quench oxidation. 

The flash-quench method has enabled PCET mechanistic switching with external base,37-

38 PCET mechanistic switching with internal base ,32, 39 distance dependent PCET with 

internal base,40 distance dependent ET with external base, 41 concerted PCET,42 sequential 

PT-ET,43 and many other studies of which there are too many to highlight in this work.  

'ÖÞÌÝÌÙȮɯÕÈÛÜÙÌɀÚɯexcited-state charge separation processes in protein complexes, such 

as in PSII44-46 and cryptochrome 47  are ultrafast (<1 ps). There is much to learn regarding 

ultrafast excited-state PCET processes.  

1.4 Current Advances in Molecular PCET: Excited-state 
Intramolecular Systems 

There are very few preceding literature examples of light -triggered excited-state 

intramolecular PCET systems,30-31, 48-49 of which there are even fewer that are on the 

ultrafast timescale for CS.50 These systems more closely model the excited-state CS of 

PSII and utilize preassociated, fixed PCET couples that are reminiscent of TyrZ-His190. 

Benzimidazole phenol (BIP) is a PCET moiety that was pioneered and extensived 

studied by the Moores at Arizona State University.48, 51-55 This well established PCET unit 

undergoes chemically reversible one-electron oxidation and a pH dependent mechanism 

of charge and proton transfer, which can be leveraged by photooxidative systems to 

study PCET mechanistic switching.  
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As such, these studies have provided critical insight into excited -state PCET 

mechanisms. In 2019, Mayer, Hammarstrom, and Hammes-Schiffer made a important 

discovery. They utilized an anthracene-phenol-pyridine based molecular series of 

various driving forces, pKa of the proton accepting phenol, and solvent dielectrics that 

showed a CEPT mechanism with charge recombination (CR) in Marcus inverted region 

for the first time. Until this discovery, it was thought that the inverted region would not 

be observed for PCET due to large reorganization energy and high vibronic states that 

accompany proton transfer.30-31 The first example of ultrafast excited-state PCET was the 

,ÖÖÙÌɀÚɯÌÓÌÊÛÙÖÕɯËÌÍÐÊÐÌÕÛɯ×ÖÙ×ÏàÙÐÕ-benzimidazole phenol (BIP) in 2021, in which only 

4% of the S2 pumped excited-state was ultrafast. Whereas the majority of CSS was 

formed through a relaxed excited -state in ~300 ps.48 The forward CS was attributed to a 

concerted mechanism for both the ultrafast and slow, relaxed CS processes. Thermal 

charge recombination was assigned to sequential ET-PT via kinetic fitting. 48   

1.5 Ratcheted Electron Transfer 

In biological energy transducing proteins, closely separated chromophores 

enable ultrafast energy and electron transfer reactions involving unrelaxed excited 

states.56-60 As an initial step toward engineering energy transducing de novo proteins 

that probe function and mechanism in reactions where quantum coherence plays a 

prominent role, we developed strongly coupled arrays of chromophores in which 

vibronic coherences between light absorbers, energy acceptors, and e- acceptors were 
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precisely tailored. Such systems use vibronic coherences to direct the migration of 

excitation and charge by defeating energy wasting thermalization events. This work 

highlights our molecular designs coupled with multi -dimensional transient spectral data 

revealing how hot exciton resonance between red and blue absorbers empowers 

ratcheted charge separation.61 Strategies that utilize such coherent non-equilibrium 

quantum states enable new paradigms for chemistry, where lossless energy transport 

followed by an ultrafast ET reaction serves as an irreversible drain. The net effect is that 

the energy of non-thermal ized excitations can thus direct long-range transport with 

minimal energy loss, and also expand the spectral coverage for light harvesting. 

1.6 Excited-State Hole Transfer Utilizing Naphthalene Diimides 
(NDIs) 

Unsubstituted NDI (H 2NDI) is a strong excited state oxidant (1NDI ɬ/*= 2.6 V vs 

SCE). Additionally, NDI is spectroscopically attractive given its high oscillator strength 

(~20,000 M -cm-) and characteristic absorption features of its reduced state (NDI -Ɉ) (475 

nm, 605 nm, 700 nm, and 775 nm).62 For these reasons, NDI has been used in a variety of 

excited state hole transfer studies illustrated in these reviews.63-65 The introduction of 

halogens on the 2,6 positions (bay) on the NDI core (Fig. 6) facilitates aromatic 

substitution of a variety of electron withdrawing and electron donating groups. 66-67 

Despite established synthetic routes for halogenating naphthalene dianhydrides, there 

are very few examples of bay substituted NDIs with heteroimides due to stochastic 
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mixture of products and amine substituted side products. 68-76 To our knowledge, there is 

no preciding literature reporting the excited -state dynamics of a series of heteroimide-

bay-substituted NDIs .  

 

Figure 6. Naphthalene Diimide (NDI) with ethoxy groups on the bay region 

(green) of the 2,6 positions of the NDI core. Imide positions are shown in blue . 

1.7 De Novo Protein Design of Abiological Cofactor Bound 
Proteins  

Designing proteins to fold in a predictable tertiary structure from an amino acid 

ÚÌØÜÌÕÊÌɯÞÈÚɯÖÕÊÌɯÛÏÖÜÎÏÛɯÛÖɯÉÌɯÖÕÌɯÖÍɯÕÈÛÜÙÌɀÚɯÜÕÚÖÓÝÈÉÓÌɯØÜÌÚÛÐÖÕÚȭɯ'ÖÞÌÝÌÙȮɯÛÏÌɯ

arrival of de novo protein design over 30 years ago has greatly impacted this issue.77 

Through stochastic sampling of the vast structural data acquired through the Protein 

Data Bank (PDB), protein backbone and side chain positioning can be designed to bind 

various cofactors. Cofactors are essential to the structure and function of many proteins, 

such as photosystem I/II, cytochromes, and photolyase. de novo protein design 

computational methods may be used to realize next generation cofactor-binding 

proteins that possess novel function and test biological energy transducing mechanisms. 

Bay 

Region

Imides
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Central to the de novo protein in this thesis, is the breakthrough in de novo protein 

ËÌÚÐÎÕɯÛÌÙÔÌËɯɁÌÕ%ÖÓËɂɯÔÈËÌɯÉàɯ#Ì&ÙÈËÖȮɯ3ÏÌÙÐÌÕȮɯÈÕËɯ!ÌÙÈÛÈÕȰɯÛÏÐÚɯÕÌÞɯÚÛÙÈÛÌÎàɯ

generates thermophilically stable proteins through atomic -scale precision in the 

×ÓÈÊÌÔÌÕÛɯÖÍɯÊÖÍÈÊÛÖÙÚɯÞÐÛÏÐÕɯÈɯɁÉÐÕËÐÕÎɯÚÐÛÌɂɯÞÏÐÓÌɯÛÏÌɯÙÌÔÈÐÕËÌÙɯÖÍɯÛÏÌɯ×ÙÖÛÌÐÕɯÐÚɯ

tÐÎÏÛÓàɯ×ÈÊÒÌËɯÛÖɯÊÙÌÈÛÌɯÈɯɁÍÖÓËÌËɯÊÖÙÌɂȭ78 Their work provides a robust tetra -ϔ-helical 

protein scaffold that can be used as a foundation of many cofactor-bound de novo protein 

ET studies.78 Additionally, precise cofactor binding requires keystone interactions to 

hold the cofactor tightly within the de novo protein core. Recently, our collaboration has 

developed a new method of sampling these interactions to find statistically relevant 

interaction positions from the PDB, entitled Convergent Motifs for Binding Sites 

(COMBs).79 COMBs weights a novel structural element called a van der Mer (vdM), 

 

Figure 7.(A, B) Porphyrin derivatives targeted for design. Comparison of the 

Designed and observed structures of a Zn(II) -binding protein comparing the observed 

and designed structures (C, D), and a Mn(III) porphyrin, which included precise 

placement of water mo lecules leading to the active site (E). (F) The crystal structure of 

a tetranuclear Zn 2+ binding protein. Layers of hydrophobic sidechains (green and 
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magenta) form two well -packed cores at the top and bottom of the bundle, which 

serve to position 4 His and 4 Asp sidechains to ligate the metal ions near the center of 

the bundle.  

which examines ligand functional groups with respect to the orientation of 

protein backbone residue contacts to preferentially bind ligands. 79 Despite the recent 

successes  

 

Figure 8. The steps of COMBS ligand design. (A) vdMs define privileged 

locations for a given chemical group relative to the backbone. They are defined for 

each residue type in different main chain conformations. (B) A target molecule is next 

decomposed into chemi cal group fragments that can be approximated using vdMs. (C, 

D) We next mathematically generate a backbone, and use vdMs to identify sidechain 

and mainchain interactions with all the chemical groups of the ligand. (E) Backbones 

that can form keystone intera ctions with the bound guest are candidates for full 

sequence design. 

in designing redox cofactor -binding de novo proteins, the ability to manage the flow of 

protons, holes, and electrons in tightly coupled redox cofactor -bound de novo proteins is 

largely unexplored. Ultimately, achieving precise control of hole, electron, and proton 
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transfer dynamics, as well as proton activity at defined distances, will realize catalytic 

sites that operate at low overpotential and drive energy conversion reactions of limitless 

diversity relative to the classic biological archetypes. The potential payoffs of 

successfully engineering and controlling PCET reactions in proteins are immense.  

1.8 Overview of Dissertation 

In this dissertation, I will discuss the synthesis, ground -state characterization, 

and excited-state dynamics of naphthalene diimide based molecular and de novo 

protein systems that underpin biological energy transfer mechanisms, including 

ultrafast pure ET, sequential ET-PT, concerted PCET, and ratcheted ET. Below is a brief 

outline of the dissertation with a few key points of the accomplishments of each chapter.  

Chapter one describes the design, synthesis, ground-state characterization, and 

excited-state dynamics of a NDI photooxidant with unity quantum yield ultrafast 

concerted PCET utilizing a benzimidazole phenol Tyr -His mimic . The bay-substitution 

of electron donating ethoxy groups attenuated the singlet excited-state reduction 

potential to  selectively oxidize Tyr -His and Trp, but not other redox active amino acids , 

Met and Phe. This section empowers mechanistic interrogation of ultrafast light -

triggered PCET reactions in protein environments and provides the requisite 

vis/NIR/mid -IR spectroscopic handles to monitor e- and H+ migration dynamics.  
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 Chapter two  expands on the tunability of NDI singlet excited -state reduction 

potentials to investigate thermodynamic driving force dependence of ultrafast 

intramolecular PCET reactions. Herein, the synthesis, ground-state characterization, and 

excited-state dynamics are detailed of the largest set of bay-substituted -heteroimide 

NDI s, to our knowledge. Theoretical modeling and molecular simulations are used to 

corroborate a concerted PCET to sequential ET-PT mechanistic switch, for the first time 

in a excited-state intramolecular PCET molecular series. This data provides  critical 

insights into the key mechanistic subtleties of ultrafast PCET reactions. 

 Chapter three  elucidates the excited-state dynamics of the elusive TyrOH ɈǶ over 

a series of thermodynamic driving force-controlled  NDI based chromophores in a low 

dielectric solvent, dichloromethane . The kinetics of this expansive series of ultrafast ET 

molecules display a complete Marcus thermodynamic driving force dependence, in 

which a qualitative reorganization energy can be extracted. Theoretical modeling was 

used to corroborate the reorganization energy for this series of molecules. This data 

provides critical insights into observing the stable TyrOHɈǶ intermediate of sequential 

ET-PT reactions within low dielectric protein interiors.  

Chapter four  highlights the synthesis and 2D excited-state dynamics of 

molecular designs revealing how hot exciton resonance between red and blue absorbers 

empowers ratcheted charge separation over long distances. Such systems use vibronic 
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coherences to direct the migration of excitation and charge by defeating energy wasting 

thermalization events. This molecular ratcheting  has the potential to sufficiently expand 

the coverage of the solar spectrum for potential  next generation low energy conversion 

devices. 

Chapter five  investigates the ground-state IR spectroelectrochemical reduction 

of a series of bay-substituted naphthalene diimides and perylene diimides. This work 

shows the linear trend between the first reduction potential of the rylene, and the 

chemical shift of their coinciding carbonyl stretches. The characterization of these key IR 

signals provides critical spectroscopic handholds that enable future  interrogation of  

excited-state intramolecular PCET reactions in the MIR.  

 Chapter six  provides novel de novo protein design strategies for binding 

naphthalene diimides. In this section, we bind an unsubstituted NDI within a tetra -ϔ-

helical bundle with keystone hydrogen bonding. This binding strategy is now being 

utilized to design NDI bound de novo proteins with precise control of electron and 

PCET reactions to Trp and Tyr-His. These methods establish the groundwork to 

engineer soft materials that produce high potential photoproducts, possess novel 

electro-optic function, and transduce energy via designed ET and PT pathways. 
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2. Ultrafast Proton-Coupled Electron Transfer from Tyr-
His Analogue to an NDI Photooxidant  
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2.1 Introduction 

Electron transfer (ET), hole transfer (HT), and proton transfer (PT) are critical 

processes in photosynthesis.80 Many essential photochemical redox processes among 

native photosynthetic proteins undergo proton -coupled electron transfer (PCET) to 

drive high -energetic reactions such as water oxidation.16, 18-19, 22, 81-84 Extensive studies on 

PCET enabled photooxidations of Tyrosine (Tyr) and Tryptophan (Trp) analogues have 

ÉÌÌÕɯÊÈÙÙÐÌËɯÖÜÛɯÉÈÚÌËɯÖÕɯ1Üɤ1ÌɯÉÐ×àÙÐËàÓɯÊÖÔ×ÓÌßÌÚɯÉàɯÛÏÌɯɁÍÓÈÚÏ-ØÜÌÕÊÏɂɯȹ%0Ⱥɯ

method.29, 39, 85-86 However, due to the bimolecular nature of FQ, this classic method has 

limitations for probing ultrafast processes. Pioneering works on PCET reactions derived 

from singlet excited -states of anthracene,87-88 electron-deficient porphyrins 48-49, 89, and 

Ru(bpy)3,90 have enabled investigations of the ultrafast dynamics of electron and nuclear 

redistribution as well as Marcus -inverted region behavior in the charge recombination 

for PCET. There is growing theoretical and experimental evidence that suggest coherent 

processes play key roles within the energy and electron transductions within natural 

photosynthetic proteins. 91-93 Probing ultrafast coherent PCET processes in protein 

environments demands high -potential photooxidants that give rise to ultrafast charge -

separation rates and excited-state reduction potentials that do not photo -damage protein 

backbones. However, to date, there is no such molecular system that underscores 

ultrafast PCET, highly selective oxidations of redox -active Tyr/Trp analogues, and 

powerful spectroscopic handles that directly barcode charge separated products to 
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distinguish different mechanisms that entail concerted PCET, stepwise ETPT or PTET. 

Herein, we report bay -ethoxy substituted NDIs that photooxidize Tyr and Trp 

analogues (Figure 9A ) that manifest the aforenoted features that enable studies on 

ultrafast coherent PCET in both molecular and protein scaffolds.  

2.2 Results/Discussion 

Naphthalene diimides (NDIs) are powerful photooxidants capable of 

photooxidizing substrates such as DNA hairpins. 94 Electronic and potentiometric 

properties of NDIs are highly tunable by bay -substitutions that afford a wide range of 

singlet excited-state reduction potentials.67 Unsubstituted NDI NDI -(EtPh)2 with 1E-/* of 

2.59 eV (vs SCE) is capable of photooxidizing Phe (Eox=2.04 eV).95 While with two bay -

ethoxy substitutions, (OEt)2NDI -(EtPh)2 exhibits a 1E-/* potential (1.84 eV) that is 

thermodynamically favorable to oxidize Tyr and Trp, but not Phe and Met. High energy 

ϣ Ÿ ϣ* transitions with vibrational progressions are observed with three NDIs in the 

UV region (Figure 9B). The mono- and di -ethoxy substituted (OEt)NDI -(EtPh)2 and 

(OEt)2NDI -(EtPh)2 exhibit new electronic transition features, compared to the 

unsubstituted NDI -(EtPh)2, derived from NDI S 0 Ÿ S1 transitions that extend into the 

visible region with absorptive maxima at 430 and 465 nm, respectively.96  
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Figure 9. (A) Ground - and singlet excited -state reduction potentials of of: NDI -

(EtPh)2, (OEt)NDI -(EtPh)2 and (OEt)2NDI -(EtPh)2; PheɡǶ/Phe, MetɡǶ/Met, Tyr ɡǶ/Tyr, 

Tyrɡ/Tyr, and Trp ɡǶ/Trp oxidation potentials in dichloromethane are shown on the 

left; and (B) electronic absorption spectra of: NDI -(EtPh)2, (OEt)NDI -(EtPh)2 and 

(OEt)2NDI -(EtPh)2 measured in DCM.  

A series of 2,6-diethoxy substituted NDIs with covalently linked redox -active 

amino acid (AA) residue (Phe, Met, Trp, and Tyr) analogues were synthesized (Figure 

29). Femtosecond transient absorption (fsTA) studies show that electronically excited 

1(OEt)2NDI *-Met  and 1(OEt)2NDI *-(EtPh)2 (Figure 24, 25) do not undergo excited-state 
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charge transfer reactions, demonstrating that the (OEt)2NDI  core will not photodamage 

Met and Phe residues in biological system. In contrast, analogous ultrafast transient 

absorption experiments evince that long wavelength electronic excitation of (OEt)2NDI -

Trp  and (OEt)2NDI -Tyr  in dichloromethane solvent ( Figure 10) drives a hole transfer 

reaction, producing a (OEt)2NDI Ǹ-AA + charge separated (CS) state. Photoexcitation at 

415 nm of (OEt)2NDI -Trp  (Figure 10A ) in DCM generates a short-lived NDI localized S 1 

state that rapidly decays to the (OEt)2NDI -Trp  charge-separated (CS) state. The HT 

dynamics are tracked by the rise and decay of the sharp absorption peaks centered at 

485, 625, and 800 nm associated with the (OEt)2NDI  Ǹɡ as well as Trpɡ+ centered at 522 nm 

(see SI for spectroelectrochemical data for (OEt)2NDI  Ǹɡɯand Trpɡ+).96-97 Evolution -

associated difference spectra (EADS) (Figure 10B) of (OEt)2NDI -Trp  clearly show that 

the 1(OEt)2NDI *-Trp evolves into the 1(OEt)2NDI ɡ Ǹ-Trpɡ+ CS state with a CS lifetime (tCS) 

of 1.4 ps. Charge recombination (CR) to the ground state is slower than CS with a CR 

lifetime t CR = 11.5 ps. Pump-probe experiments were also performed in toluene and 

benzonitrile ( Figure 15, 16), demonstrating photooxidation of the Trp analogue in both 

solvents. Transient absorptive signatures of neither the NDI radical anion nor the 

phenoxy (cation) radical were unambiguously observed for (OEt)2NDI -Tyr  (Figure 27). 

Global analysis affords a short-lived S1 state (t = 1.7 ps) that suggest a fast CS. We 

hypothesize that CR is faster than CS, resulting in an insufficient accumulation of 

charge-separated species for observation under the described experimental conditions. 
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Transient absorption experiments performed in a range of solvent dielectrics yielded 

similar results (Figure 27).  

 

Figure 10. Excited-state evolutions of (OEt)2NDI -Trp following S 0 Ÿ S1 

excitation  in dry dichloromethane. (A) Representative ultrafast pump ɬprobe transient 

absorption difference (Dabs) spectra recorded at several time delays, which are 

labeled on the right. Each spectrum is offset by 4 mOD for clarity . Key probe 

wavelengths highlighted in red and blue that denote absorption signatures of 

(OEt)2NDI  S1 Ÿ Sn transitions and (OEt) 2NDI ɡǸ, respectively. (B) Evolution -associated 

difference spectra with associated HT time constants. Red trace tracks NDI local ized 
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singlet excited -state; Blue trace tracks the CS state; Magenta trace tracks the long-lived 

NDI localized triplet excited -state. 

The slower CS (1(OEt)2NDI* -Tyr Ÿ (OEt)2NDI ɡ- + Tyrɡ+) and faster CR 

((OEt)2NDI ɡ- + Tyrɡ+ Ÿ  1(OEt)2NDI -Tyr) for (OEt)2NDI -Tyr  stems from lacking 

thermodynamical driving forces for CS (see Supporting Information) due to the high 

oxidation potential of Tyr ɡ+/Tyr (Epox = 1.58 eV vs SCE in dichloromethane) where the 

proton remains on the phenol upon oxidation. 98 In PSII, Tyrz is tightly coupled to His by 

H-bonding, which significantly increase the thermodynamic driving force for Tyr 

oxidation to a neutral tyrosyl radical by transferring the proton to the His couple. 

Inspired by the pioneering work from Moore, 48, 51, 54, 89 we report synthesis of (OEt)2NDI -

BIP that bears a benzimidazole phenol (BIP) (Figure 11A ). The H-bonded phenol moiety 

lowers the E1/2 (Tyrɡ-His +/Tyr -His) to 0.73 eV (vs SCE), which is 0.63 eV lower than the 

non-hydrogen bonded phenol ( Figure 11B). Electronic absorption spectra of (OEt)2NDI -

BIP as well as electrochemically generated BIPɡ+ and (OEt)2NDI ɡ- spectra in 

dichloromethane that mark the spectroscopic handles for probing the PCET products are 

shown in Figure 11C. 

Excited-state dynamical data of (OEt)2NDI -BIP were measured in three solvents: 

toluene (Figure 11D, es = 2.38), dichloromethane (Figure 11F, es = 8.93), and benzonitrile 

(Figure 11H, es = 25.9). Upon photoexcitation, the NDI localized S1 state rapidly decays 

into the CS state as evidenced by the characteristic NDI radical anion centered at 485 nm 
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in all three solvents and the concomitant evolution of the BIP radical cation 

(benzimidazolinium and neutral phenoxy radical) signal in dichloromethane and 

benzonitrile as a shoulder at 475 nm.90, 99 (OEt)2NDI -BIP underscores ultrafast PCET 

(Figure 11E, 11G, and 11I ) with t PCET 0.442 ps (dichloromethane), 3.074 (toluene), and 

0.823 (benzonitrile). The Simultaneous rise and fall of these two distinct CS product 

signals in the visible and near infra -red (vis-NIR) regions unambiguously illustrates 

concerted PCET dynamics in the NDI-BIP system. The ability to probe PCET dynamics 

in various solvent dielectrics ( es = 2.38 ɬ 25.9) warrants future investigations on solvent 

dependent photoinduced proton -coupled CS and CR reactions to understand 

fundamental requirements for concerted or st epwise PCET reactions. 
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Figure 11. (A) Chemical structure of (OEt)2NDI -BIP; (B) Ground -state oxidation 

potentials of (OEt) 2NDI -Tyr (magenta) and (OEt) 2NDI -BIP (blue); (C) Electronic 

absorption spectrum of (OEt) 2NDI -BIP (solid black line), BIP ɡǶ (dotted orange line), 

and (OEt)2NDI ɡ- (dashed blue line) in dichloromethane; (D, F, H) Representative 

ultrafast pump ɬprobe transient absorption difference (Dabs) spectra in toluene (D), 

dichloromethane (F), and benzonitrile (H) recorded at several time delays, which are 

labeled on the right. Key probe wavelengths highlighted in red, orange, and blue that 

denote absorption signatures of (OEt) 2NDI  S1 Ÿ Sn transitions, BIPɡǶ, and (OEt)2NDI ɡǸ, 

respectively.  (E, G, I) Evolution -associated difference spectra with associated PCET 

time constants. Red trace tracks NDI localized singlet excited -state; Blue trace tracks 

the CS state; Magenta trace tracks the long-lived NDI localized triplet excited -state. 
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The benzimimdazolinium ion, phenoxy radical, and NDI carbonyl possess 

distinct infra -red (IR) absorption signatures that provide powerful handles for exploring 

CS and CR reactions, therefore we also carried out transient IR for (OEt)2NDI -BIP in 

dichloromethane to independently track the movements of both electrons and protons. 

Differential absorbance IR spectroelectrochemistry (IRSEC) data for BIPɡ+ (Figure 12A  

blue line) and (OEt)2NDI ɡ- (Figure 12A  red line) mark unique absorption features of 

these two CS species that provide spectroscopic handles for probing PCET dynamics in 

the IR region.51 Kinetic traces that track the decays of BIPɡ+ (Figure 12B) and NDI ɡ- in 

DCM (Figure 12C) show almost identical CS lifetimes (tCS ~ 5.0 ps) that agree with that 

determined by vis -NIR probe (Figure 11G). The vis-NIR & IR independent probes of 

both CS products elucidate the concerted mechanism for PCET studied in this work. 

Moreover, the powerful IR probe handles provided by the carbonyls from the NDI 

photooxidants enable electronic structures of the photooxidant that can be widely tuned 

without sacrificing the ability of probing in the IR region.  
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Figure 12. (A) Infra -red spectroelectrochemistry (IRSEC) difference spectra 

(Dabs) of BIPɡǶ (blue line) and (OEt) 2NDI ɡ- (red line) in dichloromethane compared to 

their neutral forms; Wavenumbers highlighted in green and yellow denote BIPɡǶ and 

(OEt)2NDI ɡ-, respectively and were used as probe wavenumbers in transient IR 

experiments to dependently track the formations of CS species. (B) Kinetic trace 
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(blue) monitored at 1606 cm -1 for the decay of BIP ɡǶ. (C) Kinetic trace (red) monitored 

at 1495 cm-1 for the decay of (OEt) 2NDI ɡ-. 

2.3 Conclusion 

In this work, we show the first example of ultrafast PCET ( tCS ~ 400 fs) reactions 

with near unity quantum yield from the relaxed singlet excited -state of an NDI 

photooxidant. For the first time, the ultrafast dynamics of ET and PT were probed by 

time-resolved pumpɬprobe transient absorption independently in the vis -NIR and IR 

regions and unambiguously mark the concerted PCET mechanism for both CS and CR. 

These optical signatures provide direct evidence for distinguishing concerted EPT and 

stepwise ET-PT or PT-ET mechanisms in PCET reactions. These diverse bay-substituted 

NDI photooxidants reported in this work featuring a powerful and tunable singlet 

excited-state reduction potentials (1E-/* 1.8 ɬ 2.6 eV) can undergo photoinduced hole 

transfer directly from the NDI electronic excited -state to generate Trp radical cations and 

Tyr neutral radical in a wide range of solvent dielectrics (es = 2.38 ɬ 25.9) that is similar in 

biological and bio -mimic systems. The highly tunable 1E-/* of the NDIs ensure selective 

oxidations specific amino acid residues on demand. The carbonyls from the NDI 

photooxidants provide powerful IR probe handles that allow 1E-/* modulations of the 

photooxidant without sacrificing the ability of probing charge -separated species in the 

IR region. The NDI photooxidants with ultrafast PCET/PHT described here provide 

opportunities for studying driving force dependent PCET involving di verse mechanisms 

as well as coherence in ultrafast PCET reactions in de novo proteins. 
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2.4 Experimental 

Materials. The reagents, solvent and starting materials in this study were purchased 

from commercial sources. Dry  solvent was taken from a Pure-Solv system through 4 Å 

molecular sieves pumped by argon. Degassing of solvents was achieved through three 

freeze-pump -thaw cycles in Schlenk flask. The silica-gel chromatography on bench top 

is 230-400 mesh (SiliCycle, F60) as media and thin-layer chromatography (TLC) was 

conducted on SiliaPlate Plates (SiliCycle, F254). Deionized water was used for all the 

reactions and sample preparation. Unless otherwise stated, the reactions were carried 

out under insert gas condition by employing the standard Schlenk technique. Oxygen -

sensitive and moisture-sensitive compounds were handled in a glovebox.  

Instrumentation s. NMR spectra were recorded on a Bruker NMR operating at 500 MHz. 

Chemical shifts are reported in ppm downfield from chloroform or aceton -d6 and peak 

multiplicities are marked as singlet (s), doublet (d), triplet (s), quartet (q), multiplet (m) 

and broad (br). MALDI were conducted on Bruker Autoflex Speed LRF MALDI -TOF 

System with HABA matrix. Absorption spectra were recorded on VARIAN Cary 50 00 

UV-Vis-NIR spectrophotometer.  

Ultrafast Pump -UV/Vis Probe Transient Absorption Spectroscopy Experiments . 

Ultrafast transient absorption spectra were obtained using standard pump -probe 

methods. .×ÛÐÊÈÓɯ×ÜÓÚÌÚɯȹȁɯƜƔɯÍÚȮɯƕÒ'áȺɯÊÌÕÛÌÙÌËɯÈÛɯƜƔƔɯÕÔɯÞÌÙÌɯÎÌÕÌÙÈÛÌËɯÜÚÐÕÎɯÈɯ
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Ti:Sapphire ultrafast laser amplifier (Spectra-Physics, Solstice ACE), which consisted of a 

regenerative amplifier seeded by a  mode-locked Ti:Sapphire oscillator. The output of 

the regenerative amplifier was split to feed an optical parametric amplifier ( Light 

Conversion, TOPAS-C), which generated excitation pulses tunable in wavelength from 

the UV to the NIR region. The pump beam was chopped at half the laser repetition rate 

(f/2; ~500 Hz). A fraction (< 1%) of the output was passed through an optical delay line 

and focused onto a 2 mm c-cut sapphire plate to generate a white-light continuum, 

which was used as the probe beam. The polarization and attenuation of the pump and 

probe beams were controlled by half-wave plate and Glan-Taylor prism pairs set for 

magic angle (54.7°) polarization between pump and probe. The pump beam was focused 

onto the sample cell with an f = +35 cm lens, while the probe beam was focused with a 

concave mirror. The spot size diameter was ~0.2 ɬ 0.3 mm. After passing through the 

sample, the probe light intensity was adjusted using a neutral density filter to avoid 

saturating the detectors, and focused onto the entrance slit of the computer-controlled 

image spectrometer (Acton Research Corporation, SpectraPro-150).  A CCD array 

detector (1024 x 128 elements, Roper Scientific), interfaced to the spectrometer, recorded 

the spectrum of the probe light. Pairs of consecutive spectra were measured with (IonȹϞȺȺɯ

and (IoffȹϞȺȺɯÛÖɯËÌÛÌÙÔÐÕÌɯÛÏÌɯËÐÍÍÌÙÌÕÊÌɯÚ×ÌÊÛÙÜÔȮɯͅ ɯǻɯÓÖÎȹIoffȹϞȺȺɯɤɯȹIonȹϞȺȺȭ All transient 

optical studies were carried out at 21 ± 1 °C. Samples were deoxygenated via three 

successive freeze-pump -thaw cycles prior to measurement in a custom-built 2 mm path 
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length quartz sample cell. All transient spectra reported represent averages obtained 

over 3-5 scans, with each scan consisting of ~150-250 data points. In these experiments, 

the delay line utilizes a computer -controlled delay stage.  Delay times up to 4 ns were 

achieved using a Compumotor -6000 (Parker). Following all pump -probe transient 

absorption experiments, electronic absorption spectra verified that the solutions of 

carbon nanotubes were robust. 

 

Ultrafast Pump -MIR Probe Transient Absorption Spectroscopy Experiments . 

Ultrafast transient absorption spectra were obtained using the same ultrafast 

laser amplifier and optical parametric amplifier for excitation as described above with a 

custom built HARPIA -MIR (Light Conversion) ultrafast spectroscopy system. A portion 

of the amplifier output was used to pump a second optical parametric amplifier 

equipped with a non -colinear difference frequency generator (Light Conversion, 

TOPAS-C with NDFG extension) to generate tunable MIR probe pulses centered at ~2.6 

ɬ 15 µm. A small portion of the MIR pulse was split off to be used as a reference signal 

in a probe-reference configuration, while the majority was used to probe the sample 

within the HARPIA -IR spectrometry system. Inside the HARPIA -IR spectrometry 

system the pump beam was delayed along an optical delay line before being chopped at 

a quarter of the laser repetition rate (f/4; ~250 Hz) with pump pulses alternatingly 
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blocked and transmitted in pairs. The polarization of the pump beam was controlled by 

ÈɯÊÖÔ×ÜÛÌÙÐáÌËɯ!ÌÙÌÒɀÚɯÊÖÔ×ÌÕÚÈÛÖÙɯÛÏÈÛɯÚÌÛɯÛÏÌɯ×ÜÔ×ɯÛÖɯÔÈÎÐÊɯÈÕÎÓÌɯȹƙƘȭƛȘȺɯ

polarization, relative to the probe, to be focused on the sample by an f = 20 cm lens. The 

probe was focused onto the sample with an f = +20 cm ZnSe lens and recollimated with 

an f = +15 cm ZnSe lens. The probe beam was directed alongside the reference beam to 

an external Andor Kymera 328i spectrograph where they were separately directed to 

one of two independent mercury cadmium telluride (MCT) single -channel detectors 

(InfraRed Associates Inc., MCT-13-1.0). The probe beam was used to measure pumped 

and not pumped transmitted signal intensity and the reference beam to measure, and 

correct for, the shot-to-shot instabilities of the probe beam, collectively being used to 

calculate the transient absorption signal. All transient optical studies were carried out at 

21 ± 1 °C. Samples were prepared in a glove box using dichloromethane which was 

distilled o ver CaH2 and deoxygenated via three successive freeze-pump -thaw cycles. 

Measurements were made in a Specac Omni Cell demountable liquid cell with CaF2 

windows and a 0.5 mm PTFE spacer. All transient data reported represent averages 

obtained over 5 scans, with each scan consisting of ~182 data points and each point an 

average of 3000 frames. 

Global Fitting of Ultrafast Pump -Probe Data. 
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Pump-probe transient dynamical data were globally fit to a sequential model 

using the Globe_Toolbox toolbox for Matlab 100 to yield the evolution associated 

difference spectra and associated lifetimes.  
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Figure 13. nsTA of NDI -OEt2-EtPh2. 

 

 

Figure 14. Figure 14. Spectroelectrochemical data of (A) NDI -OEt2-Trp radical 

anion absorption spectrum; (B) NDI -OEt2-Trp radical cation absorption spectrum; 

and (C) BIP radical cation absorption spectrum.  

  



36 

 

 

Figure 15. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Trp in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (400 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 475 nm (430 nJ/pulse, magic angle polarization).  
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Figure 16. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Trp in 

benzonitrile. (A) Pump -probe transient dynamical spectra at selected time and (B) 

evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415  

nm (420 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism wit h associated transition lifetimes resulting from 

photoexcitation at 480 nm (460 nJ/pulse, magic angle polarization) . 
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Figure 17. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Trp in 

toluene. (A) Pump -probe transient dynamical spectra at selected time and (B) 

evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (440 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with ass ociated transition lifetimes resulting from 

photoexcitation at 480 nm (440 nJ/pulse, magic angle polarization) . 
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Figure 18. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Tyr in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 420 

nm (420 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 475 nm (440 nJ/pulse, magic angle polarization) . 
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Figure 19. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Tyr in 

toluene. (A) Pump -probe transient dynamical spectra at selected time and (B) 

evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (440 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 480 nm (410 nJ/pulse, magic angle polarization) . 
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Figure 20. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-BIP in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (360 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 480 nm (410 nJ/pulse, magic angle polarization) . 
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Figure 21. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-BIP in 

benzonitrile. (A) Pump -probe transient dynamical spectra at selected time and (B) 

evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (290 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism wit h associated transition lifetimes resulting from 

photoexcitation at 480 nm (400 nJ/pulse, magic angle polarization)  
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Figure 22. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Bip in 

toluene. (A) Pump -probe transient dynamical spectra at selected time and (B) 

evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (350 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with ass ociated transition lifetimes resulting from 

photoexcitation at 480 nm (360 nJ/pulse, magic angle polarization) . 
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Figure 23. Pump-probe transient dynamical data of NDI -(OEt)2-Oct2 in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (410 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 475 nm (440 nJ/pulse, magic angle polarization) . 
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Figure 24. Pump-probe transient dynamical data of NDI -(OEt)2-Oct-Met in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 415 

nm (280 nJ/pulse, magic angle polarization). (C) Pump -probe transient dynamical 

spectra at selected time and (D) evolution associated difference spectra corresponding 

to a sequential kinetic mechanism with associated transition lifetimes resulting from 

photoexcitation at 480 nm (370 nJ/pulse, magic angle polarization) . 
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Figure 25. Pump -probe transient dynamical data of NDI -(OEt)2-(EtPh)2 in 

dichloromethane. (A) Pump -probe transient dynamical spectra at selected time and 

(B) evolution associated difference spectra corresponding to a sequential kinetic 

mechanism with associated transition lifetimes resulting from photoexcitation at 475 

nm (440 nJ/pulse, magic angle polarization).  
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Figure 26. (A) Chemical structure of NDI -OEt2-Trp ; (B) Ground -state electronic 

absorption spctrum in dichloromethane; Representative ultrafast pump ɬprobe spectra 

recorded at several time delays and EADS in toluene (C and D, excitation l = 415 nm; E 

and F, excitation l = 480 nm); in dichloromethane (G and H, excitation l = 475 nm); in 

benzonitrile (I and J, excitation l = 415 nm; K and L, excitation l = 480 nm).  
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Figure 27. fsTA data of NDI -OEt2-Tyr : representative ultrafast pump ɬprobe 

spectra recorded at several time delays and EADS in toluene (A and B, excitation l = 

415 nm; C and D, excitation l = 480 nm); dichloromethane (E and F, excitation l = 475 

nm); pyridine (G and H, excitation l = 480 nm); THF with KO tBu (I and J, excitation l = 

415 nm; K and L, excitation l = 480 nm). 
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Figure 28. Cyclic volt ammetric data of NDIs in dry dichloromethane: (A) NDI -

EtPh2 (magenta), NDI -OEt-EtPh2 (orange), and NDI -OEt2-EtPh2 (black); (B) NDI -OEt2-

Trp; (C) NDI -OEt2-Tyr; (D) NDI -OEt2-Met; (E) NDI -OEt2-BIP with ferrocene internal 

standard; (F) NDI -OEt2-BIP witholut ferrocene internal standard.  
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Figure 29. Syntheses bay-diethyloxy substituted NDIs.  

 

Figure 30. Synthesis of NDI -OEt-EtPh2. 

 

Figure 31. Synthesis of BIP -NH 2. 

Compound 1,101 2,101 3,101 4,101 5,101 6,101 7,101 NDI -EtPh2,101 and 9102 were synthesized from 

the reported literatures.  

General procedure for preparing NDI -OEt2-R, exemplified for  NDI -OEt2-Trp.  A 

suspension of 6 (20 mg, 4.0 µmol) in 1.0 M KOH solution in 2 -propanol (4.0 mL) was 

heated to reflux and stirred for 24 h. The resulting mixture was allowed to cool to room 

temperature, concentrated, and used directly in the next step without further 

purification. A mixtu re of the crude product from 6 in acetic acid (3.0 mL) was heated to 

reflux for 6 h. The resulting solution was allowed to cool to room temperature and 
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treated with tryptamine (7.7 mg, 48 µmol) and n-octylamine (3.6 µL, 48 µmol), The 

resulting mixture was heated under reflux condition for 16 h. The solution was cooled to 

room temperature and diluted with CH 2Cl2 and neutralized with saturated NaHCO 3 

aqueous solution. The organic solution was washed with 1N HCl aqueous solution, 

brine, and saturated NaHCO 3 aqueous solution. The combined organic solution was 

dried over anhydrous Na 2SO4, concentrated, and chromatographed [silica, hexanes/ethyl 

acetate (3:1 to 1:1, v/v) to afford an orange solid as the second band (8.0 mg, 32% for 

three steps): Rf 0.29 (hexanes/ethyl acetate 3:2); 1H NMR (500 MHz, CDCl 3): d 8.45 (s, 1H), 

8.43 (s, 1H), 7.95 (s, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.32 ɬ 7.28 (m, 1H), 7.16ɬ7.11 (m, 1H), 

7.11ɬ7.07 (m, 2H), 4.51 ɬ 4.43 (m, 4H), 4.43 ɬ 4.38 (m, 2H), 4.12 ɬ 4.07 (m, 2H), 3.15 ɬ 3.10 

(m, 2H), 1.70 ɬ 1.64 (m, 2H), 1.61 (m, 6H), 1.40 ɬ 1.21 (m, 10H), 0.81 (t, J = 5.0 Hz, 3H); lmax 

in CH 2Cl2 (loge): 254 nm (4.55), 283 nm (3.84), 291 nm (3.84), 344 nm (3.91), 362 nm (3.97), 

440 nm (3.95), 466 nm (4.10). 

NDI -OEt2-Octyl 2. The compound was obtained as the first band from the preparations 

of NDI -OEt2-R as a yellow solid: Rf 0.79 (hexanes/ethyl acetate (3:2, v/v); lmax in CH 2Cl2 

(loge): 254 nm (4.41), 345 nm (3.85), 362 nm (3.91), 438 nm (3.85), 465 nm (3.95). 

NDI -OEt2-EtPh2. Follow the general procedure described for NDI -OEt2-Trp , reactions of 

6 (50 mg, 0.10 mmol) with KOH (1.0 M in 10 mL 2-propanol), followed by acetic acid (7.5 

mL), and then phenethylamine (29 mg, 0.24 mmol) afforded a light yellow solid after 
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chromatography [silica, CH 2Cl2 and then hexanes/ethyl acetate (3:1, v/v)] as the third 

band (10 mg, 18% for three steps): Rf 0.29 (CH2Cl2); 1H NMR (500 MHz, CDCl 3): d 8.43 (s, 

2H), 7.31 (d, J = 7.4 Hz, 4H), 7.26 (t, J = 7.5 Hz, 4H), 7.17 (d, J = 7.2 Hz, 1H), 4.48 (q, J = 7.0 

Hz, 4H), 4.36ɬ4.30 (m, 4H), 2.99ɬ2.93 (m, 4H), 1.62 (t, J = 7.0 Hz, 6H); lmax in CH 2Cl2 (loge): 

254 nm (4.42), 344 nm (3.86), 362 nm (3.89), 444 nm (3.88), 466 nm (4.05). 

NDI -OEt2-Met . 1H NMR (500 MHz, CDCl 3): d 8.49 (s, 2H), 4.55ɬ4.50 (m, 4H), 4.43 ɬ 4.38 

(m, 2H), 4.18 ɬ 4.11 (m, 2H), 2.90 ɬ 2.82 (m, 2H), 2.26 (s, 3H), 1.76 ɬ 1.70 (m, 2H), 1.68ɬ1.65 

(m, 6H), 1.46 ɬ 1.27 (m, 10H), 0.90ɬ0.86 (m, 3H); lmax in CH 2Cl2 (loge): 254 nm (4.44), 344 

nm (3.86), 362 nm (3.90), 441 nm (3.90), 466 nm (4.06). 

NDI -OEt2-Tyr . Follow the general procedure described for NDI -OEt2-Trp , reactions of 6 

(60 mg, 0.12 mmol) with KOH (1.0 M in 12 mL 2-propanol), followed by acetic acid (9.0 

mL), and then Tyramine (19 mg, 0.15 mmol) and n-octylamine (11 µL, 0.15 mmol) 

afforded a light yellow solid after chromatography [silica, hexanes/ethyl acetate (3:2, 

v/v)] as the second band (6.0 mg, 8.3% for three steps): Rf 0.45 (hexanes/ethyl acetate 3:2); 

1H NMR (500 MHz, CDCl 3): d 8.50 (s, 1H), 8.48 (s, 1H), 7.23 (d, J = 8.1 Hz, 2H), 6.79 (d, J = 

8.1 Hz, 2H), 4.84ɬ4.85 (br, 1H), 4.57ɬ4.50 (m, 4H), 4.40 ɬ 4.30 (m, 2H), 4.21ɬ4.14 (m, 2H), 

3.03ɬ2.90 (m, 2H), 1.76ɬ1.70 (m, 2H), 1.69 ɬ 1.65 (m, 6H), 1.46ɬ1.30 (m, 10H), 0.88 (t, J = 6.8 

Hz, 3H); l max in CH 2Cl2 (loge): 254 nm (4.52), 345 nm (3.94), 362 nm (3.99), 439 nm (3.96), 

466 nm (4.09). 
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NDI -OEt2-BIP. Follow the general procedure described for NDI -OEt2-Trp , reactions of 6 

(101 mg, 0.20 mmol) with KOH (1.0 M in 15 mL 2-propanol), followed by acetic acid (11 

mL), and then BIP-NH 2 (73 mg, 0.20 mmol) and n-octylamine (15.3 µL, 0.20 mmol) 

afforded a yellow solid after chromatography [silica, hexanes/ethyl acetate (2:1, v/v)] as 

the second band (15 mg, 10% for three steps): Rf 0.63 (hexanes/ethyl acetate 3:2); 1H NMR 

(500 MHz, CDCl3): d 8.46 (s, 1H), 8.39 (s, 1H), 7.83 (s, 1H), 7.61 (s, 2H), 7.49 (d, J = 14.8 Hz, 

3H), 7.23 (s, 2H), 7.01 (s, 2H), 4.39 (q, J = 6.9 Hz, 2H), 4.31 (q, J = 7.0 Hz, 2H), 4.11 (t, J = 7.8 

Hz, 2H), 1.64ɬ1.58 (m, 2H), 1.53ɬ1.46 (m, 15H), 1.17 ɬ 1.04 (m, 10H), 0.78 (t, J = 7.2 Hz, 

3H); ); lmax in CH 2Cl2 (loge): 255 nm (4.58), 290 nm (4.34), 301 nm (4.30), 344 nm (5.22), 442 

nm (3.91), 467 nm (4.07). 

NDI -OEt-EtPh2. Follow the general procedure described for NDI -OEt2-Trp , reactions of 

a mixture of  6 and 7 (50 mg, 0.10 mmol) with KOH (1.0 M in 10 mL 2-propanol), 

followed by acetic acid (7.5 mL), and then phenethylamine (29 mg, 0.24 mmol) afforded 

a light yellow solid after chromatography [silica, CH 2Cl2 and then hexanes/ethyl acetate 

(3:1, v/v)] as the third band (5.0 mg): 1H NMR (500 MHz, CDCl 3): d 8.71 (d, J = 7.7 Hz, 

1H), 8.53 (d, J = 7.6 Hz, 1H), 8.40 (s, 1H), 7.32 (d, J = 7.5 Hz, 2H), 7.29ɬ7.23 (m, 6H), 7.18ɬ

7.14 (m, 2H), 4.53 (q, J = 7.0 Hz, 2H), 4.34 (q, J = 8.6 Hz, 4H), 3.01ɬ2.93 (m, 4H), 1.64 (t, J = 

7.0 Hz, 4H); lmax in CH 2Cl2 (loge): 246 nm (4.23), 348 nm (3.80), 366 nm (3.90), 410 nm 

(3.76), 430 nm (3.86). 
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10. A solution of 9 (322 mg, 1.25 mmol) and o-phenylenediamine (135 mg, 1.25 mmol) in 

5.0 mL 1,4-Dioxane charged with air was stirred at 100 °C for 2 h. The solvent was 

removed, DMF (2.0 mL) and DDQ (284 mg, 1.25 mmol) were added to the crude 

product. The resulting mixture was heated to reflux for 2 h. The solvent was evaporated 

under vacuum and the crude product was chromatographed [silica, hexanes/ethyl 

acetate (6:1, v/v)] to give a light yellow solid (350 mg, 81%): Rf 0.32 (hexanes/ethyl 

acetate 6:1); 1H NMR (400 MHz, acetone-d6): d 11.46 (s, 1H), 12.25 (br, 1H), 8.05ɬ8.03 (m, 

1H), 7.76 (d, J = 7.1 Hz, 1H), 7.61 (s, 1H), 7.45ɬ7.44 (m, 1H), 7.33 (d, J = 6.8 Hz, 2H), 1.48 (s, 

9H); ESI-HRMS: obsd, 345.0603 (M + H)+; calcd 345.0597 (M = C17H 17BrN2O). 

BIP-NH 2. A mixutre of 10 (100 mg, 0.29 mmol), 4-aminophenylboronic acid pinacol ester 

(63 mg, 0.29 mmol), Pd(PPh3)2Cl2 (51 mg, 73 µmol), and K2CO3 (80 mg, 0.58 mmol) was 

placed in a Schlenk flask. The mixture was deaerated by three vaccum-purge (argon) 

cycles. Then deaerated 1,4-Dioxane/H 2O (2.5 mL, 4:1, v/v) was added to the flask under a 

stream of argon. The resulting solution was deaerated by three freeze-pump -thaw cycles 

and stirred at 80 °C for 16 h. The resulting crude product was purified by 

chromatography [silica, hexanes/ethyl acetate (4:1, v/v)] to give a light-yellow solid (53 

mg, 52%): Rf 0.35 (hexanes/ethyl acetate 1:1); 1H NMR (400 MHz,  acetone-d6): d 13.86 (s, 

1H), 12.31 (br, 1H), 8.06ɬ8.05 (m, 1H), 7.78ɬ7.70 (m, 1H), 7.62ɬ7.54 (m, 2H), 7.45ɬ7.37 (m, 

2H), 7.32ɬ7.25 (m, 2H), 6.76 (d, J = 8.9 Hz, 2H), 4.69 (s, 2H), 1.53 (s, 9H); ESI-HRMS: obsd, 

358.1916 (M + H)+; calcd 358.1914 (M = C23H 2N 3O
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Figure 32. 1H NMR spectrum of NDI -OEt2-Trp.  
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Figure 33. 1H NMR spectrum of NDI -OEt2-Tyr.  
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Figure 34. 1H NMR spectrum of NDI -OEt2-Met.  
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Figure 35. 1H NMR spectrum of NDI -OEt2-BIP.  
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Figure 36. 1H NMR spectrum aromatic region of NDI -OEt2-BIP. 
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Figure 37. 1H NMR spectrum of NDI -OEt2-EtPh2. 
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Figure 38. 1H NMR spectrum of NDI -OEt-EtPh2. 
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Figure 39. 1H NMR spectrum of 10.  
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3.1 Introduction 

/ÙÖÛÖÕɯ"ÖÜ×ÓÌËɯ$ÓÌÊÛÙÖÕɯ3ÙÈÕÚÍÌÙɯȹ/"$3ȺɯÐÚɯÈÕɯÌÚÚÌÕÛÐÈÓɯÛÏÌÙÔÖËàÕÈÔÐÊɯ×ÙÖÊÌÚÚɯ

ÍÖÙɯÛàÙÖÚàÓɯÖßÐËÈÛÐÖÕɯÐÕɯÕÈÛÜÙÌȮƕƕɪƕƘȮɯƕƜɯÓÖÞÌÙÐÕÎɯÛÏÌɯÖßÐËÈÛÐÖÕɯ×ÖÛÌÕÛÐÈÓɯÖÍɯÉÈÙÌɯ3àÙɯȹƕȭƙƜɯ5ɯ

ÝÚȭɯ2"$ȺƕƔƗɯÉàɯȃƔȭƙɯ5ɯȹ3àÙ9ɪ'ÐÚƕƝƔȯɯ$ƔɤǶɯȃƕɯ5ɯÝÚȭɯ2"$ȺȭƕƜȮɯƕƔƗɯ3ÏÌɯÔÌÊÏÈÕÐÚÔɯÍÖÙɯÞÏÐÊÏɯ

/"$3ɯÖÊÊÜÙÚɯÐÚɯËÌ×ÌÕËÌÕÛɯÖÕɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯȹȈ&ȺȮɯ×ÙÖÛÖÕɯÔÖÛÐÝÌɯÍÖÙÊÌɯ

ȹȈ×*ÈȺȮɯÚÖÓÝÌÕÛɯËÐÌÓÌÊÛÙÐÊɯȹϘÚȺȮɯÙÌÖÙÎÈÕÐáÈÛÐÖÕɯÌÕÌÙÎàɯȹϞȺȮɯÌÓÌÊÛÙÖÕÐÊɯÊÖÜ×ÓÐÕÎɯȹ'# ȺȮɯÈÕËɯ

×ÙÖÛÖÕɯÞÈÝÌÍÜÕÊÛÐÖÕɯÖÝÌÙÓÈ×ɯȹ2ϟϠȺȭƖƖɯ3ÏÙÖÜÎÏɯÌÚÛÈÉÓÐÚÏÌËɯÍÓÈÚÏɪØÜÌÕÊÏɯÔÌÛÏÖËÚɯ

ÉÐÖÔÖÓÌÊÜÓÈÙɯ/"$3ɯÏÈÚɯÉÌÌÕɯÚÏÖÞÕɯÛÖɯÛÙÈÕÚÐÛÐÖÕɯÍÙÖÔɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÛÖɯÚÌØÜÌÕÛÐÈÓɯ

ÌÓÌÊÛÙÖÕɯÛÙÈÕÚÍÌÙɯÍÖÓÓÖÞÌËɯÉàɯ×ÙÖÛÖÕɯÛÙÈÕÚÍÌÙɯȹ$3ɪ/3ȺɯÐÕɯÏÐÎÏɯȈ&ɯÙÌÈÊÛÐÖÕÚȭƖƙɪƖƝɯ3ÏÌÚÌɯ

/"$3ɯÙÌÈÊÛÐÖÕÚɯÈÊÊÌÚÚɯÎÙÖÜÕËɪÚÛÈÛÌɯÈÔÐÕÖɯÈÊÐËɯÙÈËÐÊÈÓɯÊÏÌÔÐÚÛÙàɯÈÕËɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÕÚɯ

ÛÐÔÌɯÚÊÈÓÌɯÏÖÓÌɯÔÐÎÙÈÛÐÖÕɯËàÕÈÔÐÊÚȭɯ3ÏÌɯÔÌÊÏÈÕÐÚÛÐÊɯÛÙÈÕÚÐÛÐÖÕɯÍÙÖÔɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÛÖɯ

ÚÌØÜÌÕÛÐÈÓɯ$3ɪ/3ɯÐÕɯÜÓÛÙÈÍÈÚÛɯÌßÊÐÛÌËɪÚÛÈÛÌɯÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯ/"$3ɯÙÌÈÊÛÐÖÕÚɯÐÚɯ×ÖÖÙÓàɯ

ÜÕËÌÙÚÛÖÖËȭɯ(ÕɯÛÏÐÚɯÙÌ×ÖÙÛȮɯÞÌɯ×ÙÖÝÐËÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÌÝÐËÌÕÊÌɯÍÖÙɯÛÏÌÙÔÖËàÕÈÔÐÊÈÓÓàɯ

ÊÖÕÛÙÖÓÓÌËɯÜÓÛÙÈÍÈÚÛɯÚÐÔÜÓÛÈÕÌÖÜÚɪÛÖɪÚÌØÜÌÕÛÐÈÓɯ/"$3ɯÔÌÊÏÈÕÐÚÛÐÊɯÚÞÐÛÊÏÐÕÎɯÐÕɯÓÐÎÏÛɪ

ÛÙÐÎÎÌÙÌËɯÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚɯȹƕ1Ɩ-#(ɖɪ!(/ɯŸɯɬɈɯ1Ɩ-#(ɪ!(/ɯɈǶȺȭ 

3ÖɯÐÕÝÌÚÛÐÎÈÛÌɯÜÓÛÙÈÍÈÚÛɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯ/"$3ɯÔÌÊÏÈÕÐÚÛÐÊɯ

ÚÞÐÛÊÏÐÕÎɯÉÌÛÞÌÌÕɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÈÕËɯÚÌØÜÌÕÛÐÈÓɯ$3ɪ/3ȮɯÞÌɯÜÛÐÓÐáÌɯÈɯÚÌÙÐÌÚɯÖÍɯ

ÕÈ×ÏÛÏÈÓÌÕÌɯËÐÐÔÐËÌɯȹ-#(Ⱥɪ×ÏÌÕàÓɪÉÌÕáÐÔÐËÈáÖÓÌɯ×ÏÌÕÖÓɯȹ!(/ȺɯËÖÕÖÙɪÉÙÐËÎÌɪÈÊÊÌ×ÛÖÙɯ

ÔÖÓÌÊÜÓÌÚȭɯ(ÕɯÞÏÐÊÏȮɯƕȺɯƖȮƚɪÉÈàɪÚÜÉÚÛÐÛÜÛÐÖÕɯÖÍɯÛÏÌɯ-#(ɯÊÖÙÌɯ×ÙÖÉÌÚɯÈɯÓÈÙÎÌɯÙÈÕÎÌɯÖÍɯ

ÚÐÕÎÓÌÛɯÌßÊÐÛÌËɪÚÛÈÛÌɯÙÌËÜÊÛÐÖÕɯ×ÖÛÌÕÛÐÈÓÚɯȹƕ$ɬɤɖɯȃɯƕȭƜɪƗȭƔɯÌ5ɯÝÚȭɯ2"$ȺȮɯƖȺɯ ɯÚÐÕÎÓÌɯÚÖÓÝÌÕÛɯ

ËÐÌÓÌÊÛÙÐÊȮɯËÐÊÏÓÖÙÖÔÌÛÏÈÕÌɯȹϘ2ɯȃɯƝȭƕȺȮɯÐÚɯÐÕÛÌÙÙÖÎÈÛÌËȮɯÈÕËɯƗȺɯ3ÏÌɯ×ÙÖÛÖÕɯÔÖÛÐÝÌɯÍÖÙÊÌɯ
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ȹ/,%ȺɯÐÚɯÏÌÓËɯÊÖÕÚÛÈÕÛɯÝÐÈɯÛÏÌɯÚÐÕÎÜÓÈÙɯ×ÙÖÛÖÕɯÈÊÊÌ×ÛÖÙȮɯÉÌÕáÐÔÐËÈáÖÓÌȭɯ3ÏÌÚÌɯ/"$3ɯ

ËàÕÈÔÐÊÚɯ×ÙÖÉÌɯÛÏÌɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯȈ&ɯÝÚȭɯÙÈÛÌɯËÌ×ÌÕËÌÕÊÐÌÚɯÖÝÌÙɯÛÏÌɯ

ÓÈÙÎÌÚÛɯÙÌ×ÖÙÛÌËɯÙÈÕÎÌɯÍÖÙɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯȹ"2ȺɯȹȈȈ&"2ɯȃɯƕȭƕɯÌ5ȺɯÈÕËɯ

ÛÏÌÙÔÈÓɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯȹ"1ȺɯȹȈȈ&"1ɯȃɯƔȭƚɯÌ5Ⱥȭɯ/ÙÌÝÐÖÜÚÓàȮɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯ

ÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯ/"$3ɯÐÕɯÞÏÐÊÏɯƕ$ɬɤɖɯÐÚɯÝÈÙÐÌËɯÏÈÚɯÖÕÓàɯÉÌÌÕɯÐÕÝÌÚÛÐÎÈÛÌËɯÖÝÌÙɯȃɯƔȭƙɯÌ5ɯÍÖÙɯ

"2ɯÈÕËɯÙÌØÜÐÙÌÚɯÊÏÈÕÎÌÚɯÐÕɯÚÖÓÝÌÕÛɯËÐÌÓÌÊÛÙÐÊɯÈÕËɯ/,%ɯÍÖÙɯ"1ɯÛÖɯÉÌɯÖÉÚÌÙÝÌËȭƗƔɯ3ÏÐÚɯ

ÞÖÙÒɯ×ÙÖÝÐËÌÚɯÈɯÙÐÊÏɯÚàÚÛÌÔɯÛÖɯÌßÈÔÐÕÌɯÚÖÓÝÌÕÛɯËÐÌÓÌÊÛÙÐÊɯËÌ×ÌÕËÌÕÊÐÌÚɯÈÕËɯ×ÙÖÛÖÕɯ

ÔÖÛÐÝÌɯÍÖÙÊÌɯËÌ×ÌÕËÌÕÊÐÌÚɯÖÍɯÛÏÌɯÉÌÕáÐÔÐËÈáÖÓÌɯ×ÙÖÛÖÕɯÈÊÊÌ×ÛÖÙɯÖÝÌÙɯÈɯÓÈÙÎÌɯÙÈÕÎÌɯÖÍɯ

ÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÍÖÙɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯÈÕËɯÛÏÌÙÔÈÓɯÊÏÈÙÎÌɯ

ÙÌÊÖÔÉÐÕÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚȭ 

 

Figure 40. (A) Chemical structures of R 2NDI -BIPs. (B) Ground -state 

potentiometric data of R 2NDIs/BIP and corresponding S 1 redox properties. 

Experimental conditions: 0.1 M TBAPF 6/DCM electrolyte/solvent system; ambient 

temperature; potential vs SCE.  
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Figure 40A  shows the structures of bay-substituted NDIs that manipulate the 

singlet excited-state reduction potentials (1Eɬ/*) for intramolecular photooxidation of 

benzimidazole phenol (BIP). Syntheses and characterization of these compositions are 

detailed in the SI. Electronic absorption spectra of (CN) 2NDI -BIP, (CF3)2NDI -BIP, 

H 2(NDI) -BIP, (ETIPS)2NDI -BIP, (OEt)2NDI -BIP display a bathochromic shift of the 

lowest energy transition as the electron donating ability of the substituent increases (SI) 

consistent with previous reported bay -substituted NDIs. 66-67 Figure 40B highlights the 

potentiometrically determined first reduction potentials (E 1/2ɬ/0) and coinciding singlet 

excited-state reduction potentials (1Eɬ/*) for (CN) 2NDI, (CF 3)2NDI, H 2(NDI), (ETIPS)2NDI, 

(OEt)2NDI with respect to the oxidation potential of BIP (E P0/+). 

3.2 Results/Discussion 

4ÕÚÜÉÚÛÐÛÜÛÌËɯ'Ɩ-#(ɯƕ$ɯɪɤɖɯÊÈÕɯÉÌɯÈÛÛÌÕÜÈÛÌËɯÍÙÖÔɯƖȭƚɯ5ɯÝÚȭɯ2"$ɯÛÖɯƕȭƜɯ5ɯÝÚȭɯ2"$ɯ

ÝÐÈɯÉÈàɪÚÜÉÚÛÐÛÜÛÐÖÕɯÖÍɯÌÓÌÊÛÙÖÕɯËÖÕÈÛÐÕÎɯÌÛÏÖßàɯÎÙÖÜ×ÚȭƕƔƗɯ3ÏÌɯÛÜÕÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ-#(ɯƕ$ɯɪɤɖɯ

ÞÈÚɯÌßÛÌÕËÌËɯÛÖɯÈÕɯÈÙÙÈàɯÖÍɯÚÜÉÚÛÐÛÜÌÕÛÚȮɯȹȹ"-ȺƖȮɯȹ"%ƗȺƖȮɯ'ƖȮɯȹ$3(/2ȺƖȮɯȹ.$ÛȺƖȺȮɯÛÖɯÌß×ÓÖÙÌɯ

ÌßÊÐÛÌËɪÚÛÈÛÌɯ/"$3ɯÖÝÌÙɯÛÏÌɯÓÈÙÎÌÚÛɯÙÌ×ÖÙÛÌËɯÙÈÕÎÌɯÖÍɯƕ$ɬɤɖɯȹƕȭƜɪƗȭƔɯÌ5ɯÝÚȭɯ2"$Ⱥɯȹ%ÐÎȭɯƘƔ!Ⱥȭɯ

(ÕÊÙÌÈÚÐÕÎɯÛÏÌɯÌÓÌÊÛÙÖÕɯËÖÕÈÛÐÕÎɯÈÉÐÓÐÛàɯÖÍɯÛÏÌɯÉÈàɪÚÜÉÚÛÐÛÜÌÕÛɯÙÌÚÜÓÛÌËɯÐÕɯÈɯ

ÉÈÛÏÖÊÏÙÖÔÐÊɯÚÏÐÍÛɯÐÕɯÛÏÌɯÓÖÞÌÚÛɯÌÕÌÙÎàɯÈÉÚÖÙ×ÛÐÖÕɯÉÈÕËɯÍÙÖÔɯƗƜƔɯÕÔɯȹȹ"-ȺƖȮɯȹ"%ƗȺƖȮɯ'ƖȺɯ

ÖÜÛɯÛÖɯƘƛƙɯÕÔɯȹ.$ÛȺƖɯȹ2(Ⱥȭɯ ɯÊÖÐÕÊÐËÐÕÎɯÚÏÐÍÛɯÐÕɯÎÙÖÜÕËɪÚÛÈÛÌɯ×ÖÛÌÕÛÐÖÔÌÛÙÐÊɯËÈÛÈɯÐÚɯ

ËÐÚ×ÓÈàÌËɯÐÕɯ%ÐÎÜÙÌɯƘƔ!ɯÈÚɯ1Ɩ-#(ƕɤƖɬɤƔÚÏÐÍÛÚɯÍÙÖÔɯȹ"-ȺƖ-#(ǸɤƔɯǻɯɪƔȭƔƝɯ5ɯÝÚȭɯ2"$ɯÛÖɯ

ȹ.$ÛȺƖ-#(ǸɤƔɯǻɯɪƔȭƛƙɯ5ɯÝÚȭɯ2"$ɯȹ2(Ⱥȭɯ2ÐÕÎÓàɯÙÌËÜÊÌËɯ1Ɩ-#(ÚɯÏÈÝÌɯÞÌÓÓɯÊÏÈÙÈÊÛÌÙÐáÌËɯ
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ÌÓÌÊÛÙÖÕÐÊɯÈÉÚÖÙ×ÛÐÖÕÚȭƚƘȮɯƚƚȮɯƕƔƘɯ'ÖÞÌÝÌÙȮɯȹ$3(/2ȺƖ-#(ɈɪɯÏÈÚɯÕÖÛɯ×ÙÌÝÐÖÜÚÓàɯÉÌÌÕɯÙÌ×ÖÙÛÌËȭɯ

2×ÌÊÛÙÖÌÓÌÊÛÙÖÊÏÌÔÐÊÈÓɯËÈÛÈɯÖÍɯȹ$3(/2ȺƖ-#(ɪ!(/ɯÐÚɯËÌÛÈÐÓÌËɯÐÕɯÛÏÌɯ2(ȮɯÊÖÔ×ÈÙÈÛÐÝÌɯÖÍɯ

ÖÛÏÌÙɯÌÛÏàÕàÓɯ-#(ɈɪɯÈÉÚÖÙ×ÛÐÖÕɯÚÐÎÕÈÛÜÙÌÚȭƚƚɯ 

$ßÊÐÛÌËɪ2ÛÈÛÌɯ#àÕÈÔÐÊÚɯÖÍɯ1Ɩ-#(ɪ!(/Ú 

 ÚɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯƘƕ"ɯȹϞÌßǻɯƗƜƙɯÕÔȺȮɯÜ×ÖÕɯ×ÏÖÛÖÌßÊÐÛÈÛÐÖÕɯÜÕÚÜÉÚÛÐÛÜÛÌËɯ

'Ɩ-#(ɪ!(/ɯÌßÏÐÉÐÛÚɯÚÛÙÖÕÎɯÌßÊÐÛÌËɪÚÛÈÛÌɯÈÉÚÖÙ×ÛÐÖÕɯȹ$2 ȺɯÊÌÕÛÌÙÌËɯÈÛɯƚƔƔɯÕÔȮɯÞÏÐÊÏɯÐÚɯÈɯ

ÏÈÓÓÔÈÙÒɯÖÍɯÛÏÌɯ-#(ɯ2ƕɯŸɯ2ÕɯÈÉÚÖÙ×ÛÐÖÕȮɯƕȹ'Ɩ-#(Ⱥɖɪ!(/ȭƝƙɯ3ÏÌɯ×ÌÈÒɯÈÛɯƚƔƔɯÕÔɯËÌÊÈàÚɯ

ÞÐÛÏÐÕɯƕɯ×ÚȮɯÈÕËɯÛÙÈÊÒÚɯÞÐÛÏɯÛÏÌɯÊÖÕÊÖÔÐÛÈÕÛɯÙÐÚÌɯÖÍɯÈɯ$2 ɯÚÐÎÕÈÓȮɯÓÖÊÈÛÌËɯÈÛɯƘƜƔɯÕÔȮɯ

ÞÏÐÊÏɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÛÏÌɯÈÕÐÖÕɯ-#(ɈɪȭƚƚȮɯƕƔƘɪƕƔƙɯ(ÕɯÞÏÐÊÏȮɯÛÏÌɯÚÜÉɪ×ÐÊÖÚÌÊÖÕËɯ×ÙÖÊÌÚÚɯÐÚɯ

ÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯȹ"2ȯɯƕ-#(ɖɪ!(/ɯŸɯɬɈ-#(ɪ!(/ɯɈǶȺȭɯ%ÖÓÓÖÞÐÕÎɯÛÏÌɯÙÈËÐÊÈÓɯÎÌÕÌÙÈÛÐÖÕȮɯÛÏÌɯ

ÈÕÐÖÕɯÙÌÓÈßÌÚɯÛÖɯÛÏÌɯÎÙÖÜÕËɯÚÛÈÛÌɯÊÖÕÊÜÙÙÌÕÛÓàɯÞÐÛÏÐÕɯƛɯ×Úȭɯ3ÏÌɯÚÌÊÖÕËɯ×ÙÖÊÌÚÚɯÖÉÚÌÙÝÌËɯ

ÐÕɯÍÚ3 ɯÐÚɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯȹ"1ȯɯɬɈ-#(ɪ!(/ɈǶɯŸɯ-#(ɪ!(/Ⱥȭɯ2ÐÔÐÓÈÙɯ×ÏÖÛÖ×ÏàÚÐÊÈÓɯ

ÒÐÕÌÛÐÊÚɯÊÈÕɯÉÌɯÖÉÚÌÙÝÌËɯÐÕɯȹ$3(/2ȺƖ-#(ɪ!(/ɯȹ%ÐÎȭɯƘƕ#ȮɯϞÌßǻɯƘƔƔɯÕÔȺȭɯ 

4×ÖÕɯ2ƕɯÌßÊÐÛÈÛÐÖÕȮɯȹ"-ȺƖ-#(ɪ!(/ɯȹ%ÐÎȭɯƘƕ ȮɯϞÌßǻɯƘƔƔɯÕÔȺɯÈÕËɯȹ"%ƗȺƖ-#(ɪ!(/ɯ

ȹ%ÐÎȭɯƘƕ!ȮɯϞÌßǻɯƗƜƙɯÕÔȺɯÚÏÖÞɯ-#(Ɉɪɯ$2 ɯÈÛɯƘƝƔɯÕÔɯÈÕËɯƘƚƙɯÕÔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÞÐÛÏÐÕɯƖƔƔɯ

ÍÚȭɯ3ÏÌɯ$2 ɯËÌÊÈàÚɯÛÖɯÈɯÓÖÞɯÐÕÛÌÕÚÐÛàɯÈÉÚÖÙ×ÛÐÖÕɯÞÐÛÏÐÕɯƖɯ×ÚɯÈÕËɯƙƔɯ×ÚȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÕËɯ

ÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯ"1ȭɯ 

1ÌÚ×ÌÊÛÐÝÌɯÌÝÖÓÜÛÐÖÕɯÈÚÚÖÊÐÈÛÌËɯËÐÍÍÌÙÌÕÊÌɯÚ×ÌÊÛÙÈɯȹ$ #2ȺɯÈÙÌɯ×ÙÌÚÌÕÛÌËɯÐÕɯ

%ÐÎÜÙÌɯƘƕȭɯ%ÐÎÜÙÌɯƘƕ&ɯÚÏÖÞÚɯÌßÌÔ×ÓÈÙàɯ$ #2ɯÖÍɯÜÕÚÜÉÚÛÐÛÜÛÌËɯ'Ɩ-#(ɪ!(/ɯ

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯÚÜÉ×ÐÊÖÚÌÕËɯÒÐÕÌÛÐÊɯÌßÏÐÉÐÛÚɯÚÛÙÖÕÎɯ×ÖÚÐÛÐÝÌɯÈÔ×ÓÐÛÜËÌɯÊÌÕÛÌÙÌËɯÈÛɯ

ƚƔƔɯÕÔȮɯÞÏÐÊÏɯÖÙÐÎÐÕÈÛÌÚɯÍÙÖÔɯÛÏÌɯ-#(ɯ2ƕɯŸɯ2ÕɯÚÛÈÛÌɯ$2 ȮɯÐÕɯÊÖÕÝÖÓÜÛÌËɯÞÐÛÏɯÕÌÎÈÛÐÝÌɯ
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ÚÖÓÝÌÕÛɯ1ÈÔÈÕɯÙÌÚ×ÖÕÚÌɯÚ×ÈÕÕÐÕÎɯÍÙÖÔɯƘƔƔɪƘƙƔɯÕÔȭɯ3ÏÌɯÚÌÊÖÕËɯÊÖÔ×ÖÕÌÕÛɯÌßÏÐÉÐÛÚɯÈɯ

×ÖÚÐÛÐÝÌɯÈÔ×ÓÐÛÜËÌɯÈÛɯƘƜƔɯÕÔɯÐÕɯ$ #2ȮɯÐÕËÐÊÈÛÐÕÎɯÊÖÐÕÊÐËÌÕÛɯÎÌÕÌÙÈÛÐÖÕɯÈÕËɯËÌÊÈàɯÖÍɯ

-#(ɈɪɯÈÕÐÖÕȭɯ3ÏÌɯ$ #2ɯÊÖÙÙÖÉÖÙÈÛÌÚɯÛÏÌɯ×ÙÌÝÐÖÜÚɯÈÚÚÐÎÕÔÌÕÛɯÖÍɯ×ÏÖÛÖ×ÏàÚÐÊÈÓɯ

ÙÌÓÈßÈÛÐÖÕȮɯÈÕËɯÛÏÌɯÍÈÚÛɯÒÐÕÌÛÐÊɯËÌÚÊÙÐÉÌÚɯÛÏÌɯ"2ɯÙÈÛÌɯȹϧ"2ȮɯƗƖƛɯÍÚȺɯÞÏÌÙÌÈÚɯÛÏÌɯÚÓÖÞÌÙɯ

ËÌÚÊÙÐÉÌÚɯÛÏÌɯ"1ɯȹϧ"1ȮɯƕȭƘƗɯ×ÚȺȭɯ ɯÚÐÔÐÓÈÙɯÎÓÖÉÈÓɯÍÐÛÛÐÕÎɯÞÈÚɯÈ××ÓÐÌËɯÛÖɯÚÜÉÚÛÐÛÜÛÌËɯ

ȹ$3(/2ȺƖ-#(ɪ!(/ɯȹ%ÐÎȭɯƘƕ'Ⱥɯȹϧ"2ȮɯƙƙƔɯÍÚȰɯϧ"1ȮɯƖȭƖɯ×ÚȺȭɯ 

  

$ #2ɯÖÍɯȹ"-ȺƖ-#(ɪ!(/ɯȹ%ÐÎȭɯƘƕ$ȺɯÈÕËɯȹ"%ƗȺƖ-#(ɪ!(/ɯȹ%ÐÎȭɯƘƕ%ȺɯÜÛÐÓÐáÌɯÈɯÛÏÙÌÌɪ

ÊÖÔ×ÖÕÌÕÛɯÔÖËÌÓɯÞÐÛÏɯ"2ɯÛÐÔÌɯÊÖÕÚÛÈÕÛÚɯÖÍɯϧ"2ɯǻɯƕƛƕɯÍÚɯÈÕË ϧ"2ɯǻɯƕƛƚɯÍÚȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯϧƖɯ

Figure 41. Pumpɬprobe transient dynamics of (A) (CN) 2NDI -BIP, (B) 

(CF3)2NDI -BIP, (C) H2NDI -Tyr, (D) (ETIPS) 2NDI -BIP in dichloromethane. The charge 

separated species NDI -Ɉɯ(blue) forms as the S1 excited state absorption (red) decays. 

The S1 excited state is not observed for (A) (CN) 2NDI -BIP, (B) (CF3)2NDI -BIP as CS 

occurs faster than the experimental resolution (< 100 fs). Electron deficient Evolution 

Associated Decay Spectra (EADS) of respective compounds (E) (CN) 2NDI -BIP, (F) 

(CF3)2NDI -BIP, (G) H 2NDI -BIP, (H) (ETIPS)2NDI -BIP yield PCET time points. Red 

trace tracks NDI localized singlet excited -state; Blue trace tracks the CS state; Magenta 

trace tracks the long -lived NDI localized triplet excit ed-state. Experimental 

conditions: (CN) 2ȮɯϞex= 400 nm; (CF3)2ȮɯϞex = 385 nm; H2ȮɯϞex = 385nm; (ETIPS)2ȮɯϞex = 450 

nm; (OEt) 2ȮɯϞex = 475 nm. 
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ÜÕÌØÜÐÝÖÊÈÓÓàɯÚÏÖÞɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯȹ"1ȺɯÍÖÙɯȹ"-ȺƖ-#(ɪ!(/ɯȹϧ"1ȮɯƙƝƙɯÍÚȺɯÈÕËɯ

ȹ"%ƗȺƖ-#(ɪ!(/ɯȹϧ"1ȮɯƛƘƕɯÍÚȺȭɯ3ÏÌɯÓÖÕÎɪÓÐÝÌËɯÚÐÎÕÈÓÚɯȹϧÓÖÕÎȺɯÈÙÌɯÛÏÌɯÓÖÊÈÓÐáÌËɯÛÙÐ×ÓÌÛɯÌßÊÐÛÌËɪ

ÚÛÈÛÌɯËÜÌɯÛÖɯÛÏÌɯÙÈ×ÐËɯÐÕÛÌÙÚàÚÛÌÔɯÊÙÖÚÚÐÕÎɯÖÍɯÌÓÌÊÛÙÖÕɯËÌÍÐÊÐÌÕÛɯ-#(ÚȭƕƔƘ 

,ÌÊÏÈÕÐÚÛÐÊɯ ÚÚÐÎÕÔÌÕÛɯÍÖÙɯ1Ɩ-#(ɪ!(/Ú 

 

Figure 42. Photoinduced CS (blue) and thermal CR (red) data (CS: 1NDI* -BIP 

Ÿ ɬɈNDI -BIP  Ɉ+; CR: ɬɈNDI -BIPɈ+ Ÿ NDI -BIP) of R 2NDI -BIPs as a function of 

thermodynamic driving force, -Ȉ&ET, in DCM.  

3ÏÌɯÕÈÛÜÙÈÓɯÓÖÎɯÖÍɯ/"$3ɯÙÈÛÌÚɯÍÖÙɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯȹÓÕÒȺɯÖÍɯÛÏÌɯ1Ɩ-#(ɪ!(/Úɯ

ÌßÏÐÉÐÛɯÈɯÚÞÐÛÊÏɯÐÕɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯȹɪȈ&"2ȺɯËÌ×ÌÕËÌÕÊÌɯÐÕɯ%ÐÎÜÙÌɯƘƖȭɯɪȈ&"2ɯ

ÍÖÙɯÛÏÌɯÚÌÙÐÌÚɯÖÍɯ1Ɩ-#(ɪ!(/ÚɯÞÈÚɯÊÖÔ×ÜÛÌËɯÜÚÐÕÎɯÛÏÌɯÊÖÕÝÌÕÛÐÖÕÈÓɯ,ÈÙÊÜÚɯÌØÜÈÛÐÖÕɯÍÖÙɯ

$3ɯȹ$ØÜÈÛÐÖÕɯƕȺȭɯÓÕÒɯÙÌÔÈÐÕÚɯÈ××ÙÖßÐÔÈÛÌÓàɯÊÖÕÚÛÈÕÛɯÍÖÙɯȹ.$ÛȺƖ-#(ɪ!(/ɯȹƖƜȭƘƙɯÚɪȰɯɪȈ&"2Ȯɯ

ƕȭƔƙɯÌ5ȺɯÈÕËɯȹ$3(/2ȺƖ-#(ɪ!(/ɯȹƖƜȭƖƗɯÚɪȰɯɪȈ&"2ȮɯƕȭƗƘɯÌ5ȺɯËÌÚ×ÐÛÌɯÈɯȃƔȭƗɯÌ5ɯËÐÍÍÌÙÌÕÊÌɯÐÕɯɪ
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Ȉ&"2ȭɯ ÚɯɪȈ&"2ɯÐÕÊÙÌÈÚÌÚɯÍÜÙÛÏÌÙȮɯÓÕÒɯÉÌÊÖÔÌÚɯËÙÐÝÐÕÎɯÍÖÙÊÌɯËÌ×ÌÕËÌÕÛȮɯÐÕÊÙÌÈÚÐÕÎɯÐÕɯÙÈÛÌɯ

ÛÖɯƖƜȭƛƙɯÚɪɯÍÖÙɯ'Ɩ-#(ɪ!(/ɯȹɪȈ&"2ȮɯƕȭƜƗɯÌ5ȺɯÛÖɯƖƝȭƗƛɯÚɪɯÍÖÙɯȹ"%ƗȺƖ-#(ɪ!(/ɯȹɪȈ&"2ȮɯƖȭƔƛɯÌ5ȺɯÛÖɯ

ƖƝȭƘƔɯÚɪɯÍÖÙɯȹ"-ȺƖ-#(ɪ!(/ɯȹɪȈ&"2ȮɯƖȭƕƛɯÌ5ȺɯÞÐÛÏÖÜÛɯÌÕÛÌÙÐÕÎɯÛÏÌɯ,ÈÙÊÜÚɯÐÕÝÌÙÛÌËɯÙÌÎÐÖÕȭɯ

'ÖÞÌÝÌÙȮɯÓÕÒɯÙÌÝÌÈÓÚɯ,ÈÙÊÜÚɯÐÕÝÌÙÛÌËɯÒÐÕÌÛÐÊÚȮɯËÌÊÙÌÈÚÐÕÎɯÈÊÙÖÚÚɯÛÏÌɯÚÌÙÐÌÚɯÖÍɯ1Ɩ-#(ɪ

!(/ÚɯËÌÚ×ÐÛÌɯÐÕÊÙÌÈÚÐÕÎɯɪȈ&"1ɯÍÙÖÔɯƖƜȭƕƙɯÚɪɯÍÖÙɯȹ"-ȺƖ-#(ɪ!(/ɯȹɪȈ&"1ȮɯƔȭƝƕɯÌ5ȺɯÛÖɯƖƛȭƝƗɯÚɪɯ

ÍÖÙɯȹ"%ƗȺƖ-#(ɪ!(/ɯȹɪȈ&"1ȮɯƕȭƔƖɯÌ5ȺɯÛÖɯƖƛȭƖƛɯÚɪɯÍÖÙɯ'Ɩ-#(ɪ!(/ɯȹɪȈ&"1ȮɯƕȭƘƕɯÌ5ȺɯÛÖɯƖƚȭƜƘɯÚɪɯɯ

ÍÖÙɯȹ$3(/2ȺƖ-#(ɪ!(/ɯȹɪȈ&"1ȮɯƕȭƘƖɯÌ5ȺɯÛÖɯƖƙȭƝƙɯÚɪɯÍÖÙɯȹ.$ÛȺƖ-#(ɪ!(/ɯȹɪȈ&"1ȮɯƕȭƙƛɯÌ5Ⱥȭ 

ȹ.$ÛȺƖ-#(ɪ!(/ɯ×ÙÖÝÐËÌËɯÈɯÔÖËÌÓɯÚàÚÛÌÔɯÞÐÛÏɯÞÌÓÓɪÙÌÚÖÓÝÌËɯÚ×ÌÊÛÙÖÚÊÖ×ÐÊɯ

ÏÈÕËÓÌÚɯÛÏÈÛɯÐÕËÌ×ÌÕËÌÕÛÓàɯÛÙÈÊÒɯÔÖÝÌÔÌÕÛÚɯÖÍɯÌÓÌÊÛÙÖÕɯÈÕËɯ×ÙÖÛÖÕɯÐÕɯÛÏÌɯÝÐÚɪ-(1ɪ(1ɯ

ÜÕÈÔÉÐÎÜÖÜÚÓàɯÌÓÜÊÐËÈÛÌɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯ/"$3ɯȹÊÖÕÊÌÙÛÌËɯÖÙɯ$3ɪ/3Ⱥȭɯ"ÖÕÊÖÔÐÛÈÕÛɯ

ÒÐÕÌÛÐÊÚɯÖÍɯ!(/ɈǶɯÈÕËɯ-#(ɈɪɯÐÕɯ5ÐÚɯÈÕËɯ,(1ɯÐÕËÌ×ÌÕËÌÕÛɯ×ÙÖÉÌÚɯÌÓÜÊÐËÈÛÌËɯÈɯÊÖÕÊÌÙÛÌËɯ

/"$3ɯÔÌÊÏÈÕÐÚÔɯÍÖÙɯ"2ɯÈÕËɯ"1ȭƕƔƗɯ ÚɯÛÏÌɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÍÖÙɯ"2ɯËÌÊÙÌÈÚÌÚɯËÖÞÕɯÛÏÌɯ

ÚÌÙÐÌÚɯȹ'Ɩ-#(ɪ!(/ɯǿɯȹ$3(/2ȺƖ-#(ɪ!(/ɯǿɯȹ.$ÛȺƖ-#(ɪ!(/ȺȮɯÛÏÌɯÙÈÛÌɯÖÍɯ"2ɯÚÓÖÞÚɯÈÕËɯȹ%ÐÎȭɯ

ƗȺȭɯ3ÏÐÚɯÚÜÎÎÌÚÛÚɯÛÏÈÛɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯ"2ɯÍÖÙɯȹ$3(/2ȺƖ-#(ɪ!(/ɯÐÚɯÈɯÊÖÕÊÌÙÛÌËɯ

ÔÌÊÏÈÕÐÚÔȮɯÎÐÝÌÕɯÛÏÌɯ×ÙÌÝÐÖÜÚɯÈÚÚÐÎÕÔÌÕÛɯÖÍɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÍÖÙɯÉÖÛÏɯ"2ɯÈÕËɯ"1ɯÍÖÙɯ

ȹ.$ÛȺƖ-#(ɪ!(/ȭƕƔƗ 

3ÐÔÌɯËÌ×ÌÕËÌÕÛɯËÌÕÚÐÛàɯÍÜÕÊÛÐÖÕÈÓɯÛÏÌÖÙàɯÈÕËɯÚÜÙÍÈÊÌɯÏÖ××ÐÕÎɯØÜÈÚÐÊÓÈÚÚÐÊÈÓɯ

ÛÙÈÑÌÊÛÖÙàɯÚÐÔÜÓÈÛÐÖÕÚɯ×ÙÖÝÐËÌɯÈɯÙÈÛÐÖÕÈÓÌɯÍÖÙɯÛÏÌɯÚÐÔÜÓÛÈÕÌÖÜÚɪÛÖɪÚÌØÜÌÕÛÐÈÓɯ/"$3ɯ

ÔÌÊÏÈÕÐÚÛÐÊɯÚÞÐÛÊÏȭɯɯ2ÜÙÍÈÊÌɯÏÖ××ÐÕÎɯØÜÈÚÐÊÓÈÚÚÐÊÈÓɯÛÙÈÑÌÊÛÖÙàɯÚÐÔÜÓÈÛÐÖÕÚɯÞÌÙÌɯÜÚÌËɯÛÖɯ

ËÌÛÌÙÔÐÕÌɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯ/"$3ɯÍÖÙɯȹ"%ƗȺƖ-#(ɪ!(/ɯÈÕËɯȹ"-ȺƖ-#(ɪ!(/ɯÊÏÈÙÎÌɯ

ÚÌ×ÈÙÈÛÐÖÕɯȹ"2Ⱥɯ×ÙÖÊÌÚÚÌÚȭɯ/ÙÌÝÐÖÜÚÓàȮɯÐÛɯÞÈÚɯÌß×ÌÙÐÔÌÕÛÈÓÓàɯÚÏÖÞÕɯÛÏÈÛɯȹ.$ÛȺƖ-#(ɪ!(/ɯ
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ÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯÈÕËɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚɯÖÊÊÜÙÙÌËɯÝÐÈɯÈɯÊÖÕÊÌÙÛÌËɯ/"$3ɯ

ÔÌÊÏÈÕÐÚÔȮƕƔƗɯÛÏÜÚɯȹ.$ÛȺƖ-#(ɪ!(/ɯÞÖÜÓËɯÚÌÙÝÌɯÈÚɯÈɯÉÌÕÊÏÔÈÙÒɯÍÖÙɯÛÏÌÚÌɯÚÐÔÜÓÈÛÐÖÕÚȭɯ

ÔÌÊÏÈÕÐÚÔÚȭɯ ÚɯÛÏÌɯ"2ɯÖÊÊÜÙÚɯÍÈÚÛÌÙɯÛÏÈÕɯÞÌɯÊÈÕɯÌß×ÌÙÐÔÌÕÛÈÓÓàɯËÌÛÌÊÛɯÍÖÙɯÏÐÎÏɯËÙÐÝÐÕÎɯ

ÍÖÙÊÌɯÔÖÓÌÊÜÓÌÚȮɯȹ"%ƗȺƖ-#(ɪ!(/ɯÈÕËɯȹ"-ȺƖ-#(ɪ!(/ȮɯÛÏÌÖÙàɯ×ÓÈàÚɯÈɯÊÙÐÛÐÊÈÓɯÙÖÓÌɯÐÕɯÛÏÌɯ

ÐÕÛÌÙ×ÙÌÛÈÛÐÖÕɯÖÍɯËàÕÈÔÐÊÈÓɯËÈÛÈȭɯ2ÜÙÍÈÊÌɯÏÖ××ÐÕÎɯØÜÈÚÐÊÓÈÚÚÐÊÈÓɯÛÙÈÑÌÊÛÖÙàɯÚÐÔÜÓÈÛÐÖÕÚɯ

ÞÌÙÌɯÜÚÌËɯÛÖɯÌÓÜÊÐËÈÛÌɯÚÜÊÏɯÔÌÊÏÈÕÐÚÔÚȭɯ%ÐÎȭɯƘƗɯÙÌÝÌÈÓÚɯÛÏÌɯÕÈÛÜÙÌɯÖÍɯ.ɪ'ɯÉÖÕËɯ

ÈÊÛÐÝÈÛÐÖÕɯÐÕɯÛÏÌɯÊÖÜÙÚÌɯÖÍɯÛÏÌɯ"2ɯ×ÙÖÊÌÚÚȮɯÊÖÕÎÙÜÌÕÛɯÞÐÛÏɯÛÏÌɯÊÖÕÊÌÙÛÌËɯ/"$3ɯ×ÙÖÊÌÚÚɯ

ÖÉÚÌÙÝÌËɯÖÕɯÛÏÌɯȃƕƔƔɯÍÚɯÛÐÔÌɯÚÊÈÓÌɯËàÕÈÔÐÊÚȮɯÐÓÓÜÔÐÕÈÛÌËɯÐÕɯÛÏÌɯÝÐÚɤ-(1ɯÈÕËɯ(1ɯÚ×ÌÊÛÙÈÓɯ

ËÖÔÈÐÕÚɯÍÖÙɯȹ.$ÛȺƖ-#(ɪ!(/ȭƕƔƗɯ4ÚÐÕÎɯÛÏÌɯ3##%3ɯÉÈÚÌËɯÔÐßÌËɯØÜÈÕÛÜÔɪÊÓÈÚÚÐÊÈÓɯÚÜÙÍÈÊÌɯ

ÏÖ××ÐÕÎɯÛÙÈÑÌÊÛÖÙàɯÔÌÛÏÖËȮɯÖÜÙɯÚÐÔÜÓÈÛÐÖÕÚɯÏÈÝÌɯÐËÌÕÛÐÍÐÌËɯÛÞÖɯËÐÚÛÐÕÊÛɯ/"$3ɯ

ÔÌÊÏÈÕÐÚÔÚɯÍÖÙɯ×ÏÖÛÖÐÕËÜÊÌËɯ"2ȯɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÐÕɯȹ.$ÛȺƖ-#(ɪ!(/ɯÈÕËɯÈɯÚÌØÜÌÕÛÐÈÓɯ

$3ɪ/3ɯ×ÈÛÏÞÈàɯÍÖÙɯ'Ɩ-#(ɪ!(/ȮɯÚÜÎÎÌÚÛÐÕÎɯÛÏÈÛɯÛÏÌɯ-#(ɯÌÛÏÖßàɯÉÈàɯÚÜÉÚÛÐÛÜÛÐÖÕɯ

ÙÌËÜÊÌÚɯÛÏÌɯÝÌÙÛÐÊÈÓɯÌÕÌÙÎàɯÎÈ×ɯÉÌÛÞÌÌÕɯÛÏÌɯÓÖÊÈÓÓàɯÌßÊÐÛÌËɯȹ+$ȺɯÈÕËɯ"2ɯÚÛÈÛÌÚɯÍÙÖÔɯƔȭƘɯ
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Ì5ɯÛÖɯƔȭƔƗɯÌ5Ȯɯ×ÙÖÔÖÛÐÕÎɯÛÏÌɯÕÖÕÌØÜÐÓÐÉÙÐÜÔɯ.'ɯÝÐÉÙÈÛÐÖÕÈÓɯÊÖÕËÐÛÐÖÕɯÙÌØÜÐÙÌËɯÍÖÙɯ

ÊÖÕÊÌÙÛÌËɯ/"$3ȭɯ 

3ÏÌɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯÔÌÊÏÈÕÐÚÛÐÊɯÈÚÚÐÎÕÔÌÕÛÚɯÊÈÕɯÉÌɯÙÈÛÐÖÕÈÓÐáÌËɯÜÚÐÕÎɯ

,ÈÙÊÜÚɯÛÏÌÖÙàȭɯ/ÙÐÖÙɯÌßÊÐÛÌËɪÚÛÈÛÌɯ/"$3ɯÔÌÊÏÈÕÐÚÛÐÊɯÈÚÚÐÎÕÔÌÕÛÚɯÐÕÝÖÓÝÐÕÎɯÈɯ

ÉÌÕáÐÔÐËÈáÖÓÌɯ×ÏÌÕÖÓɯÏÈÝÌɯÜÛÐÓÐáÌËɯƖ#$5ɯÒÐÕÌÛÐÊɯÍÐÛÛÐÕÎɯÛÏÈÛɯÚÜÎÎÌÚÛɯÈɯÚÌØÜÌÕÛÐÈÓɯ$3ɪ/3ɯ

ÛÏÌÙÔÈÓɯÙÌÊÖÔÉÐÕÈÛÐÖÕȭƙƔɯ(ÕɯÈÕÛÏÙÈÊÌÕÌɯ×ÏÌÕÖÓɯ×àÙÐËàÓɯÊÖÔ×ÓÌßÌÚȮɯ,ÈÙÊÜÚɯÐÕÝÌÙÛÌËɯ"1ɯ

ÞÈÚɯÈÚÚÐÎÕÌËɯÛÖɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÝÐÈɯÓÈÙÎÌɯÞÈÝÌÍÜÕÊÛÐÖÕɯÖÝÌÙÓÈ×ɯÉÌÛÞÌÌÕɯÛÏÌɯ"22ɯÈÕËɯ

&2ȭƗƔɯ"1ɯÒÐÕÌÛÐÊÚɯÐÕɯ%ÐÎȭɯƘƖɯËÐÚ×ÓÈàɯ,ÈÙÊÜÚɯÐÕÝÌÙÛÌËɯÒÐÕÌÛÐÊÚɯÞÐÛÏɯÈɯØÜÈÓÐÛÈÛÐÝÌɯ

ÙÌÖÙÎÈÕÐáÈÛÐÖÕɯÌÕÌÙÎàɯȹȃƕɯ5ȺɯÞÏÐÊÏɯÐÚɯÙÌÔÐÕÐÚÊÌÕÛɯÖÍɯÛÏÈÛɯÌß×ÌÊÛÌËɯÍÖÙɯÈɯ$3ȭɯ Õɯ

Ìß×ÓÈÕÈÛÐÖÕɯÍÖÙɯÛÏÐÚɯÖÉÚÌÙÝÈÛÐÖÕɯÞÖÜÓËɯÉÌɯÈɯÜÕÐÛàɯÖÝÌÙÓÈ×ɯÐÕÛÌÎÙÈÓɯÉÌÛÞÌÌÕɯÛÏÌɯ×ÙÖÛÖÕɯ

ÝÐÉÙÈÛÐÖÕÈÓɯÞÈÝÌɯÍÜÕÊÛÐÖÕÚɯÖÍɯÙÌÈÊÛÈÕÛɯÚÛÈÛÌɯϟɯÈÕËɯ×ÙÖËÜÊÛɯÚÛÈÛÌɯϠȮɯ2ϟɯÐÕɯÛÏÌɯÈËÈ×ÛÌËɯ

Figure 43. Surface hopping quasiclassical 

trajectory simulation of photoinduced CS ( 1NDI* -

Tyr/His Ÿ -ɈNDI -Tyr/His ɈǶ) in (OEt) 2NDI -BIP 

(solvent polarization continuum model).  
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,ÈÙÊÜÚɯÌØÜÈÛÐÖÕɯÍÖÙɯÛÏÌɯÙÈÛÌɯÊÖÕÚÛÈÕÛɯÖÍɯ/"$3ɯȹÒ/"$3ȺƕƔƚɯÐÚɯÛÏÌɯÚÜÔÔÈÛÐÖÕɯÖÍɯÙÌÈÊÛÈÕÛɯÈÕËɯ

×ÙÖËÜÊÛɯÝÐÉÙÈÛÐÖÕÈÓɯÚÛÈÛÌÚɯȹϟȮϠȺɯÙÌÚ×ÌÊÛÐÝÌÓàȮ 

Ὧ В
ᴐȟ
ὠ Ὓ Ὡὼὴ

ᶼ

ɯɯɯɯɯɯɯ$ØÜÈÛÐÖÕɯƕ 

ÞÏÌÙÌɯÛÏÌɯ!ÖÓÛáÔÈÕÕɯ×Ö×ÜÓÈÛÐÖÕɯÍÖÙɯÛÏÌɯÙÌÈÊÛÈÕÛɯÐÚɯ/ϟȰɯÛÏÌɯÐÕÝÌÙÚÌɯÙÌËÜÊÌËɯ

/ÓÈÕÊÒɀÚɯÊÖÕÚÛÈÕÛɯÐÚ ĄȰɯÛÏÌɯÌÓÌÊÛÙÖÕÐÊɯÊÖÜ×ÓÐÕÎɯÐÚɯ5ÌÓȰɯÛÏÌɯÛÖÛÈÓɯÙÌÖÙÎÈÕÐáÈÛÐÖÕɯÌÕÌÙÎàɯÐÚɯϞȰɯ

ÛÏÌɯ!ÖÓÛáÔÈÕÕɯÊÖÕÚÛÈÕÛɯÐÚɯÒ!ȰɯÛÏÌɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÉÌÛÞÌÌÕɯÙÌÈÊÛÈÕÛÚɯÈÕËɯ

×ÙÖËÜÊÛÚɯÐÚ ῳὋᶼȰɯÈÕË ÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÐÚɯ3ȭ 

3.3 Conclusion 

(ÕɯÛÏÐÚɯÞÖÙÒȮɯÞÌɯÚÏÖÞɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯÈɯÚÐÔÜÓÛÈÕÌÖÜÚɪÛÖɪÚÌØÜÌÕÛÐÈÓɯÔÌÊÏÈÕÐÚÛÐÊɯ

ÚÞÐÛÊÏɯÐÕɯÜÓÛÙÈÍÈÚÛɯÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯ/"$3ɯÙÌÈÊÛÐÖÕÚȭɯ!ÈàɪÚÜÉÚÛÐÛÜÛÐÖÕɯÖÍɯÈɯÚÌÙÐÌÚɯÖÍɯ-#(Úɯ

ÞÐÛÏɯÈÕɯÈÙÙÈàɯÖÍɯÚÜÉÚÛÐÛÜÌÕÛÚɯȹȹ"-ȺƖȮɯȹ"%ƗȺƖȮɯ'ƖȮɯȹ$3(/2ȺƖȮɯȹ.$ÛȺƖȺɯÌÕÈÉÓÌËɯÛÏÌɯ

ÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯȹɪȈ&ŵ$3ȹ"2ȺȺɯÛÖɯÉÌɯÊÖÕÛÙÖÓÓÌËɯÖÝÌÙɯƕȭƖɯÌ5ɯÍÖÙɯÛÏÌɯ

×ÏÖÛÖÖßÐËÈÛÐÖÕɯÖÍɯÛÏÌɯ3àÙ9ɪ'ÐÚƕƝƔɯÔÐÔÐÊȮɯÉÌÕáÐÔÐËÈáÖÓÌɯ×ÏÌÕÖÓɯȹ!(/Ⱥȭɯ"ÖÕÚÛÈÕÛɯ×ÙÖÛÖÕɯ

ÔÖÛÐÝÌɯÍÖÙÊÌɯÖÍɯÛÏÌɯ!(/ɯ3àÙɪ'ÐÚɯÔÖÐÌÛàɯÈÕËɯÈɯÚÐÕÎÓÌɯÚÖÓÝÌÕÛɯËÐÌÓÌÊÛÙÐÊɯÊÖÕÚÛÈÕÛɯÈÓÓÖÞÚɯÍÖÙɯ

ÚÐÕÎÓÌɯÝÈÙÐÈÉÓÌɯÌßÊÐÛÌËɪÚÛÈÛÌɯ/"$3ɯÙÌÈÊÛÐÖÕÚɯȹȈ&ŵ$3ȺɯÛÖɯÉÌɯÚÛÜËÐÌËɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌȭɯ

2ÜÙÍÈÊÌɯÏÖ××ÐÕÎɯØÜÈÚÐÊÓÈÚÚÐÊÈÓɯÛÙÈÑÌÊÛÖÙàɯÚÐÔÜÓÈÛÐÖÕÚɯÊÖÙÙÖÉÖÙÈÛÌɯÈɯÔÌÊÏÈÕÐÚÛÐÊɯÚÞÐÛÊÏɯ

ÍÙÖÔɯÈɯÊÖÕÊÌÙÛÌËɯ/"$3ɯÙÌÈÊÛÐÖÕɯÍÖÙɯȹ.$ÛȺƖ-#(ɪ!(/ɯÛÖɯÈɯÚÌØÜÌÕÛÐÈÓɯ$3ɪ/3ɯÔÌÊÏÈÕÐÚÔɯÍÖÙɯ

'Ɩ-#(ɪ!(/ɯÍÖÙɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕȭɯ3ÏÐÚɯÞÖÙÒɯ×ÙÖÝÐËÌÚɯÈɯÙÐÊÏɯÚàÚÛÌÔɯÛÖɯÌßÈÔÐÕÌɯÚÖÓÝÌÕÛɯ

ËÐÌÓÌÊÛÙÐÊɯËÌ×ÌÕËÌÕÊÐÌÚɯÈÕËɯ×ÙÖÛÖÕɯÔÖÛÐÝÌɯÍÖÙÊÌɯËÌ×ÌÕËÌÕÊÐÌÚɯÖÍɯÛÏÌɯÉÌÕáÐÔÐËÈáÖÓÌɯ
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×ÙÖÛÖÕɯÈÊÊÌ×ÛÖÙɯÖÝÌÙɯÈɯÓÈÙÎÌɯÙÈÕÎÌɯÖÍɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÍÖÙɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯ

ÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯÈÕËɯÛÏÌÙÔÈÓɯÊÏÈÙÎÌɯÙÌÊÖÔÉÐÕÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚȭ 

3.4 Experimental 

Materials. The reagents, solvent and starting materials in this study were purchased 

from commercial sources. Dry  solvent was taken from a Pure-Solv system through 4 Å 

molecular sieves pumped by argon. Degassing of solvents was achieved through three 

freeze-pump -thaw cycles in Schlenk flask. The silica-gel chromatography on bench top 

is 230-400 mesh (SiliCycle, F60) as media and thin-layer chromatography (TLC) was 

conducted on SiliaPlate Plates (SiliCycle, F254). Deionized water was used for all the 

reactions and sample preparation. Unless otherwise stated, the reactions were carried 

out under insert gas condition by employing the standard Schlenk technique. Oxygen -

sensitive and moisture-sensitive compounds were handled in a glovebox.  

Instrumentation s. NMR spectra were recorded on a Bruker NMR operating at 500 MHz. 

Chemical shifts are reported in ppm downfield from chloroform or aceton -d6 and peak 

multiplicities are marked as singlet (s), doublet (d), triplet (s), quartet (q), multiplet (m) 

and broad (br). MALDI were conducted on Bruker Autoflex Speed LRF MALDI -TOF 

System with HABA matrix. Absorption spectra were recorded on VARIAN Cary 50 00 

UV-Vis-NIR spectrophotometer.  

Ultrafast Pump -UV/Vis Probe Transient Absorption Spectroscopy Experiments . 
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Ultrafast transient absorption spectra were obtained using standard pump -probe 

ÔÌÛÏÖËÚɯ.×ÛÐÊÈÓɯ×ÜÓÚÌÚɯȹȁɯƜƔɯÍÚȮɯƕÒ'áȺɯÊÌÕÛÌÙÌËɯÈÛɯƜƔƔɯÕÔɯÞÌÙÌɯÎÌÕÌÙÈÛÌËɯÜÚÐÕÎɯÈɯ

Ti:Sapphire ultrafast laser amplifier (Spectra-Physics, Solstice ACE), which consisted of a 

regenerative amplifier seeded by a  mode-locked Ti:Sapphire oscillator. The output of 

the regenerative amplifier was split to feed an optical parametric amplifier (Light 

Conversion, TOPAS-C), which generated excitation pulses tunable in wavelength from 

the UV to the NIR region. The pump beam was chopped at half the laser repetition rate 

(f/2; ~500 Hz). A fraction (< 1%) of the output was passed through an optical delay line 

and focused onto a 2 mm c-cut sapphire plate to generate a white-light continuum, 

which was used as the probe beam. The polarization and attenuation of the pump and 

probe beams were controlled by half-wave plate and Glan-Taylor prism pairs set for 

magic angle (54.7°) polarization between pump and probe. The pump beam was focused 

onto the sample cell with an f = +35 cm lens, while the probe beam was focused with a 

concave mirror. The spot size diameter was ~0.2 ɬ 0.3 mm. After passing through the 

sample, the probe light intensity was adjusted using a neutral density filter to avoid 

saturating the detectors, and focused onto the entrance slit of the computer-controlled 

image spectrometer (Acton Research Corporation, SpectraPro-150).  A CCD array 

detector (1024 x 128 elements, Roper Scientific), interfaced to the spectrometer, recorded 

the spectrum of the probe light. Pairs of consecutive spectra were measured with (IonȹϞȺȺɯ

and (IoffȹϞȺȺɯÛÖɯËÌÛÌÙÔÐÕÌɯÛÏÌɯËÐÍÍÌÙÌÕÊÌɯÚ×ÌÊÛÙÜÔȮɯͅ ɯǻɯÓÖÎȹIoffȹϞȺȺɯɤɯȹIonȹϞȺȺȭɯ ÓÓɯÛÙÈÕÚÐÌÕÛɯ

optical studies were carried out at 21 ± 1 °C. Samples were deoxygenated via three 
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successive freeze-pump -thaw cycles prior to measurement in a custom-built 2 mm path 

length quartz sample cell. All transient spectra reported represent averages obtained 

over 3-5 scans, with each scan consisting of ~150-250 data points. In these experiments, 

the delay line utilizes a computer -controlled delay stage.  Delay times up to 4 ns were 

achieved using a Compumotor -6000 (Parker). Following all pump -probe transient 

absorption experiments, electronic absorption spectra verified that the solutions of 

carbon nanotubes were robust. 

Ultrafast Pump -MIR Probe Transient Absorption Spectroscopy Experiments . 

Ultrafast transient absorption spectra were obtained using the same ultrafast 

laser amplifier and optical parametric amplifier for excitation as described above with a 

custom built HARPIA -MIR (Light Conversion) ultrafast spectroscopy system. A portion 

of the amplifier output was used to pump a second optical parametric amplifier 

equipped with a non -colinear difference frequency generator (Light Conversion, 

TOPAS-C with NDFG extension) to generate tunable MIR probe pulses centered at ~2.6 

ɬ 15 µm. A small portion of the MIR pulse was split off to be used as a reference signal 

in a probe-reference configuration, while the majority was used to probe the sample 

within the HARPIA -IR spectrometry system. Inside the HARPIA -IR spectrometry 

system the pump beam was delayed along an optical delay line before being chopped at 

a quarter of the laser repetition rate (f/4; ~250 Hz) with pump pulses alternatingly 

blocked and transmitted in pairs. The polarization of the pump beam was controlled by 

ÈɯÊÖÔ×ÜÛÌÙÐáÌËɯ!ÌÙÌÒɀÚɯÊÖÔpensator that set the pump to magic angle (54.7°) 
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polarization, relative to the probe, to be focused on the sample by an f = 20 cm lens. The 

probe was focused onto the sample with an f = +20 cm ZnSe lens and recollimated with 

an f = +15 cm ZnSe lens. The probe beam was directed alongside the reference beam to 

an external Andor Kymera 328i spectrograph where they were separately directed to 

one of two independent mercury cadmium telluride (MCT) single -channel detectors 

(InfraRed Associates Inc., MCT-13-1.0). The probe beam was used to measure pumped 

and not pumped transmitted signal intensity and the reference beam to measure, and 

correct for, the shot-to-shot instabilities of the probe beam, collectively being used to 

calculate the transient absorption signal. All transient optical studies were carried out at 

21 ± 1 °C. Samples were prepared in a glove box using dichloromethane which was 

distilled over CaH 2 and deoxygenated via three successive freeze-pump -thaw cycles. 

Measurements were made in a Specac Omni Cell demountable liquid cell with CaF2 

windows and  a 0.5 mm PTFE spacer. All transient data reported represent averages 

obtained over 5 scans, with each scan consisting of ~182 data points and each point an 

average of 3000 frames. 

Global Fitting of Ultrafast Pump -Probe Data. 

Pump-probe transient dynamical data were globally fit to a sequential model 

using the Globe_Toolbox toolbox for Matlab 100 to yield the evolution associated 

difference spectra and associated lifetimes. 

UV -Vis spectroelectrochemical experiments.  
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The spectroelectrochemical experiments were done using Honeycomb 

Spectroelectrochemical Cell Kit (Pine Instruments) in a quartz cuvette (1.7 mm path 

length) using a gold surface as working and counter electrodes and Ag/AgCl as 

reference electrode (values were converted to SCE for comparison) and were performed 

using a BASi EC Epsilon working station.  

IR spectroelectrochemical experiments.  

Samples were prepared in a glove box using dichloromethane which was 

distilled over CaH 2 and deoxygenated via three successive freeze-pump -thaw cycles. 

Measurements were made in a an optically transparent thin -layer electrochemical 

(OTTLE) cell equipped with a Au minigrid working electrode, Pt counter electrode, Ag 

reference electrode, and CaF2 optical windows. 107 All electrochemical samples were ~5-10 

mM with 0.1  M in [ n-Bu4N]PF6 in freshly distilled DCM. IR spectra were recorded with a 

Bruker Vertex 70 spectrometer at 2 cmǸ1 resolution (64 scans). 

Cyclic Voltammetry experiments.  

Cyclic voltammetry experiments were performed using a BASi EC Epsilon 

working station, a Ag/Ag + reference electrode, a Pt wire counter electrode, and a glassy 

carbon working electrode. The ferrocene/ferrocenium redox couple (0.46 V vs. SCE) was 

used as an internal standard. All electrochemical samples were ~1-5 mM with 0.1  M in 

[n-Bu4N]PF6 in DCM.  
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Figure 44. Synthesis of NDI -BIP (3). 

Synthesis of 1108 and 2 were followed as reported.  

Synthesis of NDI -BIP (3). A suspension of 1 (0.100 g, 0.264 mmol) and 2 (0.094 g, 0.264 

mmol) in dimethylformamide (5 mL) was heated to 120 ɯ□ C and reacted for 24 hours. The 

reaction was cooled to room temperature precipitating crude 3. The precipitate was 

filtered and washed with MeOH (3 x 10 mL) and diethyl ether (3 x 10 mL) yielding pure 

3. Yield: 50 mg (11%). MALDI-TOF: obsd, 716.666 (M+H)-; calcd, 718.85(M = C45H42N 4O5); 

1H NMR (500 MHz, acetone-d6): d 13.81 (s, 1H), 12.30 (s, 1H), 8.58 (d,  4H), 8.13 (s, 1H), 

7.77 (d, 2H), 7.68 (s, 1H), 7.62 (q, 1H), 7.44 (d, 3H), 7.16 (q, 2H), 4.02 (t, 2H), 1.67ɬ1.61 (m, 

2H), 1.49 (s, 9H), 1.38 ɬ 1.20 (m, 12H), 0.78 (t, 3H); ); lmax in CH 2Cl2 (loge): 280 nm (4.51), 

290 nm (4.54), 301 nm (4.51), 342 nm (4.49), 359 nm (4.50), 380 nm (4.52). 
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Figure 45. Synthesis of R 2NDI -BIP. 

General Procedure for Br 2NDI -BIP (4). A suspension of dibromo -NDA (0.500 g, 1.17 

mmol) in acetic acid (5 mL) to 90 ɯ□ C. Octylamine (0.166 g, 1.29 mmol) was dissolved in 

acetic acid (5 mL) and added dropwise to the suspension of dibromo-NDA and reacted 

for 2 hours. BIP-amine (2) (0.420 g, 1.17 mmol) was dissolved in acetic acid (5 mL) added 

dropwise to the suspension of dibromo -NDA and reacted for 24 hours. The reaction was 

cooled to room temperature and quenched with DI water (15 mL). The precipitate was 

filtered and washed with DI water (3 x 10 mL). Crude Br 2NDI -BIP was purified via 

column chromatography (10 -40% EtOAc/hexanes). First spot is Br2NDI -Oct2: Rf 0.85 
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(EtOAc/hexanes (2:3, v/v). Second spot is Br2NDI -BIP: Rf 0.75 (EtOAc/hexanes (2:3, v/v). 

Yield: 11 mg (11%). MALDI -TOF: obsd, 875.844 (M+H)- ; calcd, 876.65 (M = 

C45H40Br2N 4O5); 1H NMR (500 MHz, CDCl 3): d 9.04 (s, 2H), 7.72 (s, 2H), 7.64 (s, 5H), 7.32 

(s, 5H), 4.21 (t, 2H), 1.79ɬ1.73 (m, 2H), 1.56 (s, 9H), 1.43 ɬ 1.24 (m, 12H), 0.84 (t, 3H); ); lmax 

in CH 2Cl2 (loge): 255 nm (4.58), 290 nm (4.34), 301 nm (4.30), 344 nm (5.22), 442 nm (3.91), 

467 nm (4.07).  (EtOAc/hexanes (2:3, v/v). Yield Third spot is NDI-Br2-BIP2: Rf 0.40 

(EtOAc/hexanes (2:3, v/v). Third spot is NDI -Br2-BIP2: Rf 0.40 (EtOAc/hexanes (2:3, v/v). 

(ETIPS)2NDI -BIP (6). Pure Br2NDI -BIP (0.011 g, 0.014 mmol), Pd(PPh3)2Cl2 (0.004 g, 

0.006 mmol), and CuI (0.003 g, 0.003 mmol) were combined in a 50 mL round bottom 

flask and deaerated with Ar for 20 minutes. A solution of TIPS acetylene (0.131 g, 0.684 

mmol) and THF/DIPA (5mL/1mL) were degassed for 20 minutes. The solution of TIPS 

acetylene/THF/DIPA was cannulated into the round bottom containing Br 2NDI -BIP, 

Pd(PPh3)2Cl2, and CuI. The reaction was heated at 60 ɯ□ C under Ar for 16 hours. The 

reaction was cooled to room temperature and quenched with DI water (15 mL). Reaction 

mixture was extracted with EtOAc (15 mL) and washed with DI water (3 x 15 mL). 

Organics were dried over Na 2SO4 and evaporated under reduced pressure. Crude 

(ETIPS)2NDI -BIP was purified via column chromatography (10 -40% EtOAc/hexanes). 

Second band is (ETIPS)2NDI -BIP: Rf 0.75 (EtOAc/hexanes (2:3, v/v). Yield: 15 mg (99%). 

MALDI -TOF: obsd, 1079.548 (M+H)- ; calcd, 1079.59 (M = C67H 82N4O5Si2); 1H NMR (500 

MHz, CDCl 3): d 8.79 (s, 2H), 7.96 (s, 1H), 7.76 (s, 3H), 7.66 (s, 1H), 7.61 (s, 3H), 7.34 (s, 

2H), 7.01 (s, 2H), 4.17 (t, 2H), 1.75ɬ1.71 (m, 2H), 1.53 (s, 9H), 1.33ɬ 1.24 (m, 10H), 0.77 (t, 
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3H); ); lmax in CH 2Cl2 (loge): 282 nm (4.65), 289 nm (4.66), 344 nm (4.11), 360 nm (4.03), 381 

nm (4.08), 422 nm (4.00), 446 nm (4.13).   

(C4H 8N) 2NDI -BIP (5). Crude Br2NDI -BIP (0.070 g, 0.080 mmol) was dissolved in 

pyrrolidine (5 mL) and deaerated with Ar for 15 minutes. Reaction was heated at 60ɯ□ C 

for 16 hours. The reaction was cooled to room temperature and quenched with 1M HCl 

(15 mL). Reaction mixture was extracted with EtOAc (15 mL) and washed with DI water 

(3 x 15 mL). Organics were dried over Na2SO4 and evaporated under reduced pressure. 

Crude (C4H 8N)2NDI -BIP was purified via column chromatography (10 -40% 

EtOAc/hexanes). First spot is (C4H8N) 2NDI -Oct2: Rf 0.85 (EtOAc/hexanes (2:3, v/v). 

Second spot is (C4H 8N) 2NDI -BIP: Rf 0.75 (EtOAc/hexanes (2:3, v/v). Yield: 4 mg (6% over 

2 steps). Third spot is (C4H 8N) 2NDI -BIP2: Rf 0.40 (EtOAc/hexanes (2:3, v/v). MALDI-TOF: 

obsd, 855.399 (M-H) -; calcd, 857.07 (M = C53H56N6O5); 1H NMR (500 MHz, CDCl 3): d 8.40 

(d, 2H), 7.94 (d, 1H), 7.81 (s, 1H), 7.78 (d, 1H), 7.60 (d, 5H), 7.46 (t, 1H), 7.36 (t, 1H), 4.17 

(t, 2H), 3.50 (s, 8H), 2.07 (t, 8H),  1.74ɬ1.68 (m, 2H), 1.53 (s, 9H), 1.24 ɬ 1.09 (m, 10H), 0.78 

(t, J = 7.2 Hz, 3H); lmax in CH 2Cl2 (loge): 293 nm (4.58), 301 nm (4.57), 346 nm (4.11), 364 

nm (3.93), 557 nm (3.76), 599 nm (4.03).   

(CF3)2NDI -BIP (7). Crude Br2NDI -BIP (0.075 g, 0.086 mmol) was dissolved in DMF (5 

mL) and deaerated with Ar for 15 minutes. MFSDA (0.131 g, 0.684 mmol) and CuI (0.033 

g, 0.172 mmol) were added to the suspension of crude Br2NDI -BIP and further degassed 

for 15 minutes. Reaction was heated at 70ɯ□ C for 16 hours. The reaction was cooled to 

room temperature and DI water was added until precipitate was formed (15 mL). 
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Precipitate was filtered and washed with DI water (3 x 10 mL). Crude (CF3)2NDI -BIP 

was purified via column chromatography (10 -40% EtOAc/hexanes). First spot is 

(CF3)2NDI -Oct2: Rf 0.85 (EtOAc/hexanes (2:3, v/v). Second spot is (CF3)2NDI -BIP: Rf 0.75. 

Yield: 6 mg (8% over 2 steps). MALDI-TOF: obsd, 854.484 (M+H)- calcd, 854.85 (M = 

C47H40F6N4O5).  (EtOAc/hexanes (2:3, v/v). Yield Third spot is (CF3)2NDI -BIP2: Rf 0.40 

(EtOAc/hexanes (2:3, v/v). 1H NMR (500 MHz, CDCl 3): d 9.27 (d, 2H), 7.79 (d, 3H), 7.70 

(s, 1H), 7.67 (s, 1H),  7.53 (s, 1H), 7.41 (d, 2H), 7.33 (d, 2H), 4.24 (t, 2H), 1.79ɬ1.77 (m, 2H), 

1.56 (s, 9H), 1.26ɬ 1.21 (m, 10H), 0.88 (t, 3H); lmax in CH 2Cl2 (loge): 302 nm (4.42), 318 nm 

(4.35), 331 nm (4.40), 347 nm (4.30), 367 nm (4.20), 387 nm (4.32).   

(CN) 2NDI -BIP (8). Crude Br2NDI -BIP (0.500 g, 0.602 mmol) was suspended in DMF (15 

mL) and deaerated with Ar for 20 minutes. Copper cyanide (2.156 g, 24.0 mmol) was 

added to the suspension of crude Br2NDI -BIP and further degassed for 15 minutes. 

Reaction was heated at 120ɯ□ C under Ar for 16 hours. The reaction was cooled to room 

temperature and DI water was added until precipitate was formed (15 mL). Precipitate 

was filtered and washed with DI water (3 x 10 mL). Crude (CN) 2NDI -BIP was purified 

via column chromatography (10 -40% EtOAc/hexanes). First spot is (CN)2NDI -Oct2: Rf 

0.85 (EtOAc/hexanes (2:3, v/v). Second spot is (CN)2NDI -BIP: Rf 0.75 (EtOAc/hexanes 

(2:3, v/v). Yield: 1 mg (0.2 % over 2 steps). MALDI-TOF: obsd, 768.861 (M+H)-; calcd, 

768.87 (M = C44H 44N4O5); 1H NMR (5 00 MHz, CDCl 3): d 9.10 (d, 2H), 7.80 (t, 3H), 7.71 (s, 

1H), 7.66 (s, 2H), 7.40 (d, 2H), 7.34 (d, 2H), 4.25 (t, 2H), 1.78 (m, 2H), 1.57 (s, 9H), 1.30ɬ 
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1.21 (m, 10H), 0.84 (t, 3H)); lmax in CH 2Cl2 (loge): 262 nm (4.80), 301 nm (4.33), 343 nm 

(4.34), 357 nm (4.27), 380 nm (4.13), 394 nm (4.06).   
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Figure 46. 1H NMR of H 2NDI -BIP in acetone-d6. 



87 

 

 

  

 

 

 

 

 

 

Figure 47. 1H NMR of Br 2NDI -BIP in CDCl 3. 
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Figure 48. 1H NMR of (C 4H8N) 2NDI -BIP in CDCl 3. 
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Figure 49. 1H NMR of (ETIPS) 2NDI -BIP in CDCl 3. 
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Figure 50. 1H NMR of (CN) 2NDI -BIP in CDCl 3. 
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Figure 51. 1H NMR of (CF 3)2NDI -BIP in CDCl 3. 



92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52. 19F NMR of (CF 3)2NDI -BIP in CDCl 3. 



93 

 

Estimation of singlet excited -state reduction potentials ( 1R2NDI -/*). The first reduction 

potentials (R2NDI -/0) were determined via cyclic voltammetry (Fig. 53). The singlet 

excited-state reduction potentials (1R2NDI -/*) were then estimated using the equation 

below, 

E-/* = E0,0 + E-/0 

Where the E0,0 ÊÈÕɯÉÌɯÌÚÛÐÔÈÛÌËɯÝÐÈɯÛÏÌɯϞɯÈÛɯƕƔǔɯÖÍɯÛÏÌɯÈÉÚÖÙ×ÛÐÖÕɯÈÛɯÛÏÌɯÙÌËɯÌËÎÌɯÖÍɯÛÏÌɯ

lowest energy absorption band (Table 1).109-111 

\

 

Figure 53. (A) Electronic absorption spectra of R 2NDI -BIPs in DCM and (B) 

Ground -state potentiometric data of R 2NDIs. Experimental conditions: 0.1 M 

TBAPF6/DCM electrolyte/solvent system; ambient temperature; potential vs SCE.  

Thermodynamic Driving Force Estimations  

Thermodynamic driving forces for charge separation (CS) and charge recombination 

(CR) were modeled using the following Marcus Theory equations: 112 

ЎὋ ‐ ЎὋЈ ЎὋ ЎὋ  
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ЎὋ ‐ ЎὋ Ὁȟ 

Where driving forces were calculated using either experimental potentiometric data in 

Table 1, RD,A = 11.37 Å, rD = 1.4 Å, rA ǻɯƗȭƙɯ@ȮɯÈÕËɯϘS = 9.08 for DCM. 

Table 1. Experimental Potentiometric Data  

Molecule  E vs. SCE 

Experimental  

E0,0 (eV) 

(CN) 2NDI  -0.09 ƗȭƔƜ 

(CF3)2NDI  -0.2 ƗȭƔƝ 

H 2NDI  -0.59 ƗȭƖƘ 

(ETIPS)2NDI  -0.6 Ɩȭƛƚ 

(OPhe)2NDI  -0.67 ƖȭƚƖ 

BIP 0.96 N/A  

 

Table 2. Experimental Driving Force vs. Rate Constants for R 2NDI -BIPs 

 
-Ȉ&CS (eV) lnk CS (s-)  -Ȉ&CR (eV) lnk CR (s-) 

(CN) 2NDI -BIP Ɩȭƕƛ ƖƝȭƘƔ ƔȭƝƕ ƖƜȭƕƙ 

(CF3)2NDI -BIP ƖȭƔƛ ƖƝȭƗƛ ƕȭƔƖ ƖƛȭƝƗ 

H 2NDI -BIP ƕȭƜƗ ƖƜȭƛƙ ƕȭƘƕ ƖƛȭƖƛ 

(ETIPS)2NDI -BIP ƕȭƗƘ ƖƜȭƖƗ ƕȭƘƖ ƖƚȭƜƘ 

(OEt)2NDI -BIP ƕȭƔƙ ƖƜȭƘƙ ƕȭƙƛ ƖƙȭƝƙ 
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Femtosecond Transient Absorption Spectroscopy  

 

Figure 54. (A) Pumpɬprobe transient dynamics of control (CF3)2NDI in 

dichloromethane. A long -lived triplet state, T1, (magenta) forms as the S1 excited state 

absorption (red) decays. (B) Evolution Associated Decay Spectra (EADS) of respective 

compound yield ET time points. Red trace tracks NDI localized singlet excited -state; 

Magenta trace tracks the long -lived  NDI localized triplet excited -state. Experimental 

ÊÖÕËÐÛÐÖÕÚȯɯȹ"%ƗȺƖȮɯϞÌßɯǻɯƗƜƙɯÕÔȭ 
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Spectroelectrochemistry  

 

Figure 55. Spectroelectrochemical reduction of a (ETIPS) 2NDI -BIP control 

compound in a deaerated solution of DCM, 0.1 M TBAPF6, Au, Au, Ag/Ag +. 
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E(0,0) Estimations of NDIs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. (C4H 8N) 2NDI -Oct2 Absorption (red) and emission 

(black) in DCM. E(0,0) = 612 nm. 
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Figure 57. (ETIPS)2NDI -Oct2 Absorption (red) and emission 

(black) in DCM. E(0,0) = 450 nm. 
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Figure 58. H 2NDI -Oct2 Absorption (red) and emission 

(black) in DCM. E(0,0) = 383 nm. 
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Figure 59. (CF3)2NDI -Oct2 Absorption (red) and emission (black) 

in DCM. E(0,0) = 399 nm. 
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Figure 60. (CN) 2NDI -Oct2 Absorption (red) and emission (black) 

in DCM. E(0,0) = 403 nm. 
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4. Mapping the Thermodynamic Driving Force 
Controlled Lifetimes of TyrOHÅ+  
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4.1 Introduction 

3àÙÖÚÐÕÌɯÚÌÙÝÌÚɯÈÚɯÈÕɯÐÔ×ÖÙÛÈÕÛɯÙÌËÖßɯÐÕÛÌÙÔÌËÐÈÛÌɯÍÖÙɯÊÙÐÛÐÊÈÓɯÕÈÛÜÙÈÓɯ×ÙÖÊÌÚÚÌÚɯ

ÚÜÊÏɯÈÚɯÎÌÕÌÙÈÛÐÕÎɯÖßàÎÌÕɯÐÕɯ×ÏÖÛÖÚàÚÛÌÔɯ((ɯȹ/2((ȺȮƕƕƗɯÕÜÊÓÌÖÛÐËÌɯ×ÙÖËÜÊÛÐÖÕɯÐÕɯ

ÙÐÉÖÕÜÊÓÌÖÛÐËÌɯÙÌËÜÊÛÈÚÌɯȹ1-1ȺȮƕƕƘɯÈÕËɯËÐÍÍÜÚÐÕÎɯÖßÐËÈÛÐÝÌɯÌØÜÐÝÈÓÌÕÛÚɯÖÜÛɯÖÍɯ×ÙÖÛÌÐÕÚȭƕƕƙɪ

ƕƕƚɯ'ÖÞÌÝÌÙȮɯÛàÙÖÚÐÕÌɯÐÚɯÈɯÏÐÎÏɯ×ÖÛÌÕÛÐÈÓɯÌÓÌÊÛÙÖÕɯËÖÕÖÙɯȹ$/ƔɤǶȮɯƕȭƙƜɯ5ɯÝÚȭɯ2"$ȺƕƔƗɯÞÏÐÊÏɯ

ÙÌÕËÌÙÚɯÐÛɯÙÌËÖßɯÐÕÌÙÛɯÐÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯÈɯ×ÙÖÛÖÕɯÈÊÊÌ×ÛÖÙȭɯ/ÙÖÛÖÕɯÊÖÜ×ÓÌËɯÌÓÌÊÛÙÖÕɯ

ÛÙÈÕÚÍÌÙɯȹ/"$3ȺɯÜÕËÌÙ×ÐÕÚɯÉÐÖÓÖÎÐÊÈÓɯÖßÐËÈÛÐÖÕɯÖÍɯÛàÙÖÚÐÕÌȮɯÓÖÞÌÙÐÕÎɯÛÏÌɯ×ÖÛÌÕÛÐÈÓɯ

ÚÐÎÕÐÍÐÊÈÕÛÓàɯÉàɯȃƔȭƙɯ5ɯȹ3àÙ9ɪ'ÐÚƕƝƔȯɯ$ƔɤǶɯȃƕɯ5ɯÝÚȭɯ2"$ȺȭƕƜȮɯƕƔƗɯ ËËÐÛÐÖÕÈÓÓàȮɯ3àÙɯÏÈÚɯÉÌÌÕɯ

ÚÜÎÎÌÚÛÌËɯÛÖɯÉÌɯÈÕɯÐÔ×ÖÙÛÈÕÛɯÈÔÐÕÖɯÈÊÐËɯÐÕɯÏÖÓÌɪÏÖ××ÐÕÎƖƙɪƖƚȮɯƖƜȮɯƕƕƙɪƕƕƚɯɯÈÕËɯɯÚÌØÜÌÕÛÐÈÓɯ

ÌÓÌÊÛÙÖÕɯÛÙÈÕÚÍÌÙɯÍÖÓÓÖÞÌËɯÉàɯ×ÙÖÛÖÕɯÛÙÈÕÚÍÌÙɯȹ$3ɪ/3ȺɯÙÌÈÊÛÐÖÕÚȭƖƛȮɯƗƗȮɯƗƜȮɯƕƕƛɪƕƕƜɯ 

3ÏÜÚɯÍÈÙȮɯÓÐÎÏÛɯËÙÐÝÌÕɯÎÌÕÌÙÈÛÐÖÕɯÖÍɯ3àÙ.'ɈǶɯÏÈÚɯÕÖÛɯÉÌÌÕɯÜÕÈÔÉÐÎÜÖÜÚÓàɯ

ÖÉÚÌÙÝÌËȮɯÈÚɯÐÛɯÙÌØÜÐÙÌÚȯɯƕȺɯ"ÓÌÈÙɯÚ×ÌÊÛÙÖÚÊÖ×ÐÊɯÏÈÕËÓÌÚɯÍÖÙɯÉÖÛÏɯÛÏÌɯÙÌËÜÊÌËɯÚ×ÌÊÐÌÚɯÈÕËɯ

3àÙ.'ɈǶɯÉÌÛÞÌÌÕɯƘƔƔɪƘƙƔɯÕÔɯƖȺɯ$3ɯÛÐÔÌÚÊÈÓÌÚɯÛÖɯÉÌɯÍÈÚÛÌÙɯÛÏÈÕɯ/3ɯÈÕËɯƗȺɯ-ÖÕ×ÖÓÈÙɯ

ÚÖÓÝÌÕÛɯÛÖɯ×ÙÌÊÓÜËÌɯ/3ɯËàÕÈÔÐÊÚȭɯ2ÌØÜÌÕÛÐÈÓɯ$3ɪ/3ɯ×ÙÖÊÌÚÚÌÚɯÜÛÐÓÐáÐÕÎɯÎÙÖÜÕËɪÚÛÈÛÌɯ

ÖßÐËÈÛÐÖÕɯÖÍɯ3àÙɯÖÊÊÜÙɯÛÖÖɯÚÓÖÞɯȹÕÚɯÛÐÔÌÚÊÈÓÌȺɯÛÖɯÖÉÚÌÙÝÌɯÛÏÌɯ3àÙ.'ɈǶɯÐÕÛÌÙÔÌËÐÈÛÌɯÈÚɯ

ËÌ×ÙÖÛÖÕÈÛÐÖÕɯÖÊÊÜÙÚɯÙÈ×ÐËÓàɯÐÕɯÈØÜÌÖÜÚɯÔÌËÐÈȭƖƛɯ3àÙ.'ɈǶɯÚÐÎÕÈÓÚɯÏÈÝÌɯÖÕÓàɯÉÌÌÕɯ

ÜÕÈÔÉÐÎÜÖÜÚÓàɯÐËÌÕÛÐÍÐÌËɯÝÐÈɯÎÙÖÜÕËɪÚÛÈÛÌɯÖßÐËÈÛÐÖÕɯÐÕɯÕÖÕɪÈØÜÌÖÜÚɯÌÕÝÐÙÖÕÔÌÕÛÚȭƗƘɪƗƙɯ

(ÕɯÛÏÐÚɯÙÌ×ÖÙÛȮɯÞÌɯ×ÙÖÝÐËÌɯÌß×ÌÙÐÔÌÕÛÈÓɯÌÝÐËÌÕÊÌɯÍÖÙɯÛÏÌÙÔÖËàÕÈÔÐÊÈÓÓàɯÊÖÕÛÙÖÓÓÌËɯ

ÜÓÛÙÈÍÈÚÛɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÎÌÕÌÙÈÛÐÖÕɯÖÍɯ3àÙ.'ɈǶɯȹƕ1Ɩ-#(ɖɪ3àÙɯŸɯɬɈɯ1Ɩ-#(ɪ3àÙɯɈǶȺȭ 

-ÈÛÜÙÌɀÚɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚɯÐÕɯ×ÙÖÛÌÐÕɯÊÖÔ×ÓÌßÌÚȮɯÚÜÊÏɯÈÚɯÐÕɯ/2((ƘƘɪƘƚɯ

ÈÕËɯÊÙà×ÛÖÊÏÙÖÔÌƘƛɯɯÈÙÌɯÜÓÛÙÈÍÈÚÛɯȹǾƕɯ×ÚȺȭɯ3ÖɯÎÈÐÕɯÐÕÚÐÎÏÛɯÐÕÛÖɯÛÏÌɯÜÓÛÙÈÍÈÚÛɯÊÏÈÙÎÌɯ
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ÚÌ×ÈÙÈÛÐÖÕɯÓÐÍÌÛÐÔÌÚɯÈÕËɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÌÍÍÌÊÛÚɯÖÕɯ3àÙ.'ɈǶɯÍÖÙÔÈÛÐÖÕȮɯÞÌɯ

ÜÛÐÓÐáÌɯÈɯÚÌÙÐÌÚɯÖÍɯȹƖȮƚȺɪÉÈàɪÚÜÉÚÛÐÛÜÛÌËɯÕÈ×ÏÛÏÈÓÌÕÌɯËÐÐÔÐËÌÚɯȹ-#(ȺɯÚÛÙÖÕÎÓàɯÊÖÜ×ÓÌËɯÛÖɯÈɯ

3àÙȮɯÐÕɯÞÏÐÊÏȮɯÈɯÓÈÙÎÌɯÚÐÕÎÓÌÛɯÌßÊÐÛÌËɪÚÛÈÛÌɯÙÌËÜÊÛÐÖÕɯ×ÖÛÌÕÛÐÈÓɯÙÈÕÎÌɯȹƕ$ɬɤɖɯǽɯƖȭƕɪƗȭƔɯÌ5Ⱥɯ

ÞÈÚɯÐÕÛÌÙÙÖÎÈÛÌËȭɯ/ÜÔ×ɪ×ÙÖÉÌɯÛÙÈÕÚÐÌÕÛɯËàÕÈÔÐÊÚɯÞÌÙÌɯÊÖÕËÜÊÛÌËɯÐÕɯÈɯÓÖÞɯËÐÌÓÌÊÛÙÐÊȮɯ

ÕÖÕ×ÖÓÈÙɯÚÖÓÝÌÕÛȮɯËÐÊÏÓÖÙÖÔÌÛÏÈÕÌɯȹ#",ȺɯÛÖɯ×ÙÌÊÓÜËÌɯ/3ɯËàÕÈÔÐÊÚȭɯ3ÏÌÚÌɯ$3ɯËàÕÈÔÐÊÚɯ

×ÙÖÉÌɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÙÐÝÐÕÎɯÍÖÙÊÌɯȈ&ɯÝÚȭɯÙÈÛÌɯËÌ×ÌÕËÌÕÊÐÌÚɯÖÝÌÙɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÙÈÕÎÌɯ

ÍÖÙɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÊÏÈÙÎÌɯÚÌ×ÈÙÈÛÐÖÕɯȹ"2ȺɯȹȈȈ&"2ɯȃɯƕȭƖɯÌ5ȺɯÈÕËɯÛÏÌÙÔÈÓɯÊÏÈÙÎÌɯ

ÙÌÊÖÔÉÐÕÈÛÐÖÕɯȹ"1ȺɯȹȈȈ&"1ɯȃɯƔȭƛɯÌ5Ⱥȭɯ3ÏÐÚɯ×ÐÖÕÌÌÙÐÕÎɯËÙÐÝÐÕÎɯÍÖÙÊÌɯËÌ×ÌÕËÌÕÛɯÌßÊÐÛÌËɪ

ÚÛÈÛÌɯËàÕÈÔÐÊÈÓɯÚÛÜËàɯÖÍɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÊÏÈÙÎÌɯÛÙÈÕÚÍÌÙɯÛÏÈÛɯÐÕÛÌÙÙÖÎÈÛÌɯ3àÙɯÈÕÈÓÖÎÜÌÚɯ

ÓÈàɯÛÏÌɯÎÙÖÜÕËÞÖÙÒɯÛÖɯÌÓÜÊÐËÈÛÌɯÚÜÊÏɯÌÕÌÙÎàɯÛÙÈÕÚËÜÊÐÕÎɯ/"$3ɯÙÌÈÊÛÐÖÕÚɯÐÕɯ×ÙÖÛÌÐÕÚȭƕƔƗȮɯ

ƕƕƝ  

4.2 Results/Discussion 

Figure 61A shows the structures of substituted NDIs that manipulate the singlet 

excited-state reduction potentials (1Eɬ/*) for intramolecular photooxidation of 2,6 -di -tert-

butylphenol (Tyr). Syntheses and characterization of these compositions are detailed in 

the SI. Electronic absorption spectra of (CN) 2NDI -Tyr, (CF3)2NDI -Tyr, H 2(NDI) -Tyr, 

(ETIPS)2NDI -Tyr, (OPhe) 2NDI -Tyr display a bathochromic shift of the lowest energy 

transition as the electron donating ability of the substituent increases (SI) consistent with 

previous reported bay -substituted NDIs. 66-67 Figure 61B highlights the potentiometrically 

determined first reduction potentials (E 1/2ɬ/0) and corresponding singlet excited-state 
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reduction potentials ( 1Eɬ/*) for (CN) 2NDI, (CF 3)2NDI, H 2(NDI), (ETIPS) 2NDI, 

(OPhe)2NDI  with respect to the oxidation potential (E P0/+) of Tyr . 

 

Figure 61. (A) Chemical structures of R 2NDI -Tyrs. (B) Ground -state 

potentiometric data of R 2NDIs/Tyr and corresponding S 1 redox properties. 

Experimental conditions: 0.1 M TBAPF 6/DCM electrolyte/solvent system; ambient 

temperature; potential vs SCE.  

1Ɩ-#(ɪ3àÙɯ$ßÊÐÛÌËɯ2ÛÈÛÌɯ#àÕÈÔÐÊÚɯÐÕɯ#", 

'ÌÙÌɯÞÌɯÐÕÝÌÚÛÐÎÈÛÌɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯÛÏÌɯÓÐÎÏÛɪÛÙÐÎÎÌÙÌËɯÐÕÛÙÈÔÖÓÌÊÜÓÈÙɯËÙÐÝÐÕÎɯ

ÍÖÙÊÌɯËÌ×ÌÕËÌÕÊÌɯÖÕɯ3àÙ.'ɈǶ ÎÌÕÌÙÈÛÐÖÕɯÝÐÈɯÈɯÚÌÙÐÌÚɯÖÍɯÉÈàɪÚÜÉÚÛÐÛÜÛÌËɯÕÈ×ÏÛÏÈÓÌÕÌɯ

ËÐÐÔÐËÌÚȭɯ3ÏÌɯÚ×ÌÊÛÙÖÚÊÖ×ÐÊɯÚÐÎÕÈÓÚɯÈÕËɯÓÐÍÌÛÐÔÌÚɯÙÌÈÓÐáÌËɯÐÕɯÛÏÐÚɯ×È×ÌÙȭɯ3ÖɯÊÏÈÙÈÊÛÌÙÐáÌɯ

ÛÏÌɯ$3ɯÎÌÕÌÙÈÛÐÖÕɯÖÍɯÛÏÌɯ3àÙ.'ɈǶɯÖÝÌÙɯÛÏÌɯÚÌÙÐÌÚɯÖÍɯ-#(ɪ3àÙÚȮɯÍÌÔÛÖÚÌÊÖÕËɯÛÙÈÕÚÐÌÕÛɯ


