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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 Id
energy transduction function from scratch in bioinspired de novo proteins that orchestrate
the movement of electrons (es), holes (hts), 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 es, 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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1l ntroducti on

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
OEEI wOEET POl UWEUwWOEOa wlOi wOEUUUI ZUWEDOOEET BOI Uuw
human made machines are 2550% 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 chargeseparated
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/H20 to power chemical transformations. However, over time

reactive oxygen species form in the presence of light which can cause deleterious effects

1



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.? 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 (es), holes (hts), 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, andratcheting

ET. This work leverages both experiment and theory to achieve this goal. The molecular



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, hrs,

and H*s to enable both concerted and sequential flow of these chargeskig. A). The

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

Photosystem Il, and establishesthe groundwork to engineer soft materials that produce

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

energy via designed ET and PT pathways.

Photosystem Il

e-

protein design,
spectroscopy,

v

Control e- | hw
9

buried bound
H-bonding  donor-acceptor
sidechains

theory

WY 1 ’
bound buried
photo-acid  water wire

Control e-/H+

v

buried intrinsic  buried
H-bonding bound  {yrosine water wire
sidechains acceptor  gonor

1.1 Photosystem Il (PSII)

Figure 1. Research Strategy

Photosystem Il (PSll)is a light harvesting protein complex that is essential for life

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

hotbed for inspiration for artificial photosynthetic molecular ¢ and de novo protein 78
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DG
OEC 2 H,0

Figure 2. Photosystem Il °

systems, asresearchers look to uncover the key fundamental features that allow for the
protein to be near unity quantum efficiency in separating charge over 35A without
recombination of charge (Figure 1). Light triggered excitation of the special pair (P680%)

reduces a nearby pheophytin A (PheoaA Owi OUODOT wUT T wET EUT 1T wUIl xEUEC
x EUT PEaOuw/ t WY % khich & ByEirBger bonde &0\ proximal histidine

residue (HisioK Owa Bl OEDOT wEwOI). B & U thed oditlZes HEGEC. W3 a U 4 3

lighter triggered charge separation processoccurs 4 successivetimes in which the

reducing equivalents go on to fix COzin to sugars and Oz is produced from water. ?
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H vyl PCET H Hy, e SN~
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LNH N‘H
= H
(ET to Pggy*)

Figure 3.Tyr-His couple in PSII 1°

A critical step in the production of O 2 in PSII, is the redox intermediate tyrosine Z
(Tyrz) between the chlorophyll special pair (P680) and the oxygen-evolving complex
(OEC) When Tyr is oxidized to Tyr ? fittbecomes a strong acid (pKa: 10 to-2) which
undergoes proton transfer in a concerted mechanism to Tyr? 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 ¢ {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 Tyrz - His190 pair in PSII is mutated to Ala the rate of oxidation of Tyr z reduces
dramatically. However, Tyrz oxidation rate regains partial function of O 2 generation in
the presence ofthe hydrogen bond donor, imidazole. !t There is much evidence that
highlights the importance of Tyr -His H -bond in the production of O 2.1214 Since the

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

5



200455there hasbeena1ld OOE WD OEUI EUIl wbOw?/ UOUOOw" OUx Ol Ews
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%24

1.2 Mechanisms of Proton Coupled Electron Transfer (PCET)

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

611 OwUHEQEREUDYDOT wi OUET whr)@ne mughyiitie GdnetBPCEE OUT 1T Uwp
occurs via a concerted proton electron transfer (CPET).Lastly, in systems with a strong
EEUIT OwO Gwyuprodh tiansferds followed by electron transfer (PTET). There are

OEOawi EEUOUUWUT EVWEODOUUDE

EDI Ol EXOWaE wpd EOPAEUDPOOwWI O UT awprAOwl UEGS

Kprz
Keepr
=

kET!

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



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 mechanisticswitching. 2>2° 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 PCETSince this mechanism involves
simultaneous ET and PT, there is noreaction intermediate to be observed. To validate a
concerted mechanism, kinetic arguments are usedin 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 mechanism&°
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 followup
studies to assure a PCET mechanisn#-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 ¢ ""However, it
is has remained very elusive in spectroscopically observing a TyrOH? signal in ET-PT
reations. Most of the preceding literature has studied PCET reactions in agueous or

hydrogen bonding media, in which rapid deprotonation of the TyrOH 3 Hoccurs. Due to
7



the short-lived nature of the TyrOH ? 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 TyrOH 3 'ftas been elusive. Sequential ETPT processes
utilizing ground -state oxidation of Tyr via flash -quench methodology occurs too slow
(ns timescale) to observe the TyrOH ffitermediate as deprotonation occurs rapidly in
aqueous media?” TyrOH ? fignals have only been unambiguously identified via ground -

state oxidation in non-agqueous environments.3+3

1.3 Current Advances in Molecular PCET: Flash-quench Systems

D-A + hy — D-A®
D-A* + Q =~ D-A* + Q
D-A* — D*-A
D*-A+Q —~D-A+Q

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 statemolecules.



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,3"
38 PCET mechanistic switching with internal base ,32 *distance dependent PCET with
internal base,*° distance dependent ET with external base, 4 concerted PCET#? sequential
PT-ET,*® and many other studies of which there are too many to highlight in this work.

" OP1 Y1 UO uekched-tdieictrmilgaiseparation processes in protein complexes, such
as in PSIF+4 and cryptochrome#” 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 30314849 of which there are even fewer that are on the
ultrafast timescale for CS3° These systems more closely model the exciteastate CS of
PSII and utilize preassociated, fixed PCET couples that are reminiscent of Tye-His190.
Benzimidazole phenol (BIP) is a PCET moiety that was pioneered and extensived
studied by the Moores at Arizona State University.48 555 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.



As such, these studieshave 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 mechansm 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.3031 The first example of ultrafast excited -state PCET was he
, OOUI z Uwl O1 E U U O O ubérzimiBezdkIpti@abl(BIF) th 2024, 1 @ifich only
4% of the Spumped excited -state was ultrafast. Whereas the majority of CSS was
formed through a relaxed excited -state in ~300 pst® 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 EFPT 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
states35%0 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 eacceptors 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$! Strategies that utilize such coherent non-equilibrium
guantum 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-thermalized 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 (:NDI*=2.6 V vs
SCE) Additionally, NDI is spectroscopically attractive given its high oscillator strength
(~20,000M-cm’) and characteristic absorption features of its reduced state (NDI ) (475
nm, 605 nm, 700 nm, and 775 nm)é2 For these reasons, NDlhas been used in a variety of
excited state hole transfer studies illustrated in these reviews.5%> 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. 6667
Despite established synthetic routes for halogenating naphthalene dianhydrides, there

are very few examples of bay substituted NDIs with heteroimides due to stochastic

11



mixture of products and amine substituted side products. %76 To our knowledge, there is
no preciding literature reporting the excited -state dynamics of a series of heteroimide

bay-substituted NDIs .

EtO Imides
o Q o
R,—N N—R,
0 Bay o
Region OEt

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

Ul @01 OEl wPhEUWOOET wUT OUT T OwUOWET woldl woOi wOEULUUI
arrival of de nov@rotein design over 30 years ago has greatly impacted this issue”’
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/Il, cytochromes, and photolyase. de novarotein design

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

proteins that possess novel function and test biological energy transducing mechanisms.
12



Central to the de novo protein in this thesis, is the breakthrough in de nov@rotein

EIl UDT OwUOIl UOI Ew?1 O%OOE> wOEEI wEaw#1 &UEEOOwW3T1 1 UE

generates thermophilically stable proteins through atomic -scale precision in the
x OEEI Ol O0wOi wEedi EEUOUUwPDPUTI DOWEW?EDPOEDOT wuUDUI
tbT T U0a wx EEOI EwU O wEUHeiEwik prévides b ©OdE lettawi=h@lical » 6
protein scaffold that can be used as a foundation of many cofactor-bound de novrotein
ET studies.’® Additionally, precise cofactor binding requires keystone interactions to
hold the cofactor tightly within the de nov@rotein 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

(COMBSs).”” COMBSs 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(ll) -binding protein comparing the observed
and designed structures (C, D), and a Mn(lll) 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

13



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. 7° Despite the recent

successes

A ¢/Pp-dependent vdMs B

C

y Asp m-30 rotamer x’CONHz \:
. {  croN - co ¢

/N V=

; 52
fragments 54
/ ’ () %

C=0 de novo Vi
/ \ a-helixbundiefold "' ©=°

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 nov@roteins, the ability to manage the flow of
protons, holes, and electrons in tightly coupled redox cofactor -bound de novroteins is

largely unexplored. Ultimately, achieving precise control of hole, electron, and proton

14



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, | 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 ratchetedET. Below is a brief

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

Chapter one describes thedesign, synthesis, ground-state characterization, and
excited-state dynamics of a NDI photooxidant with unity quantum yield ultrafast
concerted PCETutilizing 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 se of bay-substituted -heteroimide
NDI s, to our knowledge. Theoretical modeling and molecular simulations are used to
corroborate a concerted PCET to sequential EFPT 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 3 fover
a series of thermodynamic driving force-controlled NDI based chromophores in a low
dielectric solvent, dichloromethane . The kinetics of this expansive series ofultrafast 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 TyrOH? ihntermediate 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 separationover long distances. Such systems use vibronic

16



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 spectrumfor potential next generation low energy conversion

devices.

Chapter five investigates the ground-state IR spectroelectrochemcal reduction
of a series of baysubstituted 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 reactionsin 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 -Y-
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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2.1 Introduction

Electron transfer (ET), hole transfer (HT), and proton transfer (PT) are critical
processes in photosynthesis® Many essential photochemical redox processes among
native photosynthetic proteins undergo proton -coupled electron transfer (PCET) to
drive high -energetic reactions such as water oxidation 6. 1819. 22,8184 Extensive studies on
PCET enabled photooxidations of Tyrosine (Tyr) and Tryptophan (Trp) analogues have
Ei 1l OWEEUUDPI EwWOUUWEEUI EwOOw1 Uy 1 @PWEOKRAUDBHOAE O O x
method. 2% 39886 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 anthracenes”88 electron-deficient porphyrins 4&49.89 and
Ru(bpy)s,® 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. 99 Probing ultrafast coherent PCET processes in protein
environments demands high -potential photooxidants that give rise to ultrafast charge -
separation rates and excitedstate 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. ° Electronic and potentiometric
properties of NDIs are highly tunable by bay -substitutions that afford a wide range of
singlet excited-state reduction potentials.®” Unsubstituted NDI NDI -(EtPh)2 with E” of
2.59 eV (vs SCE) is capable of photooxidizing Phe (k=2.04 eV)®* While with two bay -
ethoxy substitutions, (OEt)2NDI -(EtPh)2exhibits a E”* potential (1.84 eV) that is
thermodynamically favorable to oxidize Tyr and Trp, but not Phe and Met. High energy
wY wr transitions with vibrational progressions are observed with three NDIs in the
UV region (Figure 9B). The mono- and di-ethoxy substituted (OEt)NDI -(EtPh)zand
(OEt)2NDI -(EtPh)2 exhibit new electronic transition features, compared to the
unsubstituted NDI -(EtPh)2, derived from NDI SoY S transitions that extend into the

visible region with absorptive maxima at 430 and 465 nm, respectively. ¢
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Figure 9. (A) Ground - and singlet excited -state reduction potentials of of: NDI
(EtPh)z, (OEt)NDI -(EtPh)2and (OEt)2NDI -(EtPh)2; Phe? #Phe, Met? fMet, Tyr 9 fTyr,
Tyro/Tyr, and Trp ¢ Mrp oxidation potentials in dichloromethane are shown on the

left; and (B) electronic absorption spectra of: NDI -(EtPh)z, (OEt)NDI -(EtPh)2and
(OEt)2NDI -(EtPh)2 measured in DCM.

A series of 2,6diethoxy 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 {(OEt)2NDI *-(EtPh)z (Figure 24, 25 do not undergo excited-state
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charge transfer reactions, demonstrating that the (OEt)-NDI 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 (OEteNDI “AA *charge separated (CS) statePhotoexcitation at
415 nm of (OEt)2NDI -Trp (Figure 10A) in DCM generates ashort-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 th¢OEt)2NDI " as well as Trps* centered at 522 nm
(see Sl for spectroelectrochemical data forfOEt):NDI " &nd Trp¢+).9697 Evolution -
associated difference spectra (EADS) Figure 10B) of (OEt)=NDI -Trp clearly show that
the 1(OEt)2NDI *-Trp evolves into the }(OEt)2NDI ¢\Trp9+ CS state with a CS lifetime (ics)
of 1.4 ps. Charge recombination (CR) to the ground state is slower than CS with a CR
lifetime tcr = 11.5 ps. Pumpprobe experiments were also performed in toluene and
benzonitrile (Figure 15, 1§, 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 S: 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).

>
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Figure 10. Excited-state evolutions of (OEt):NDI -Trp following S oY S:
excitation in dry dichloromethane. (A) Representative ultrafast pump ¢ probe 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 S: Y Swtransitions and (OEt) 2NDI ¢ ¥ 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 ¢(OEt)2NDI*-Tyr Y (OEt):NDI ¢-+ Tyre*) and faster CR
((OEt)2NDI ¢+ Tyre*Y (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 9/Tyr (Ex* = 1.58 eV vs SCE in dichloromethane) where the
proton remains on the phenol upon oxidation. °8 In PSII, Tyr: 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, 485154 8wve report synthesis of (OEt).NDI -
BIP that bears a benzimidazole phenol (BIP) (Figure 11A). The H-bonded phenol moiety
lowers the Eiz (Tyr9-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 BIPR* and (OEt)2NDI ¢ 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, e = 2.38), dichloromethane Figure 11F, &= 8.93), and benzonitrile
(Figure 11H, &s= 25.9). Upon photoexcitation, the NDI localized S: 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?2°. 9 (OEt)=NDI -BIP underscores ultrafast PCET
(Figure 11E, 11G, and 11l) with t rcet 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 = 2.38t 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 ¢ H{dotted orange line),

and (OEt)2NDI ¢ (dashed blue line) in dichloromethane; (D, F, H) Representative
ultrafast pump 1 probe transient absorption difference (Dabs) spectra in toluene (D),
dichloromethane (F), and benzonitrile (H) recorded at several time delays, which are
t. Key probe wavelengths highlighted in red, orange, and blue that
denote absorption signatures of (OEt) 2NDI S: Y Satransitions, BIP9tand (OEt)2NDI 9
respectively. (E, G, 1) 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.

labeled on the righ
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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 BIP* (Figure 12A
blue line) and (OEt)2NDI ¢ (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.>! Kinetic traces that track the decays of BIP* (Figure 12B) and NDI 9 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 BIP ¢ H{blue line) and (OEt) 2NDI ¢ (red line) in dichloromethane compared to

their neutral forms; Wavenumbers highlighted in green and yellow denote

BIP¢ fand

(OEt)2NDI ¢, 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 - for the decay of BIP ¢ ®*(C) Kinetic trace (red) monitored
at 1495 cmt for the decay of (OEt) 2NDI ¢-.

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 pump ¢ probe 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 bayubstituted
NDI photooxidants reported in this work featuring a powerful and tunable singlet
excited-state reduction potentials (*E” 1.8% 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= 2.38t 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 E* 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 A
molecular sieves pumped by argon. Degassing of solventswas achieved through three
freeze-pump -thaw cycles in Schlenk flask. The silicagel chromatography on bench top
is 230400 mesh (SiliCycle, F60) as media and thidayer chromatography (TLC) was
conducted on SiliaPlate Plates (SiliCycle, F254). Deionized water was usedor 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 -ds and peak
multiplicities are marked as singlet (s), doublet (d), triplet (s), quartet (g), 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.. x UPEEOwx UOUT Uwma wwWyY wi UOwhO' 4 AwET OUI Ul EwE!
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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 ccut 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 ~0.2t 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, SpectraPrel50). 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 (longpW & A W
optical studies were carried out at 21 + 1 °C. Samples were deoxygenated via three

successive freezepump -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 ~15@50 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
t 15 um. 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
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 freezepump -thaw cycles.
Measurements were made in a Specac Omni Cell demountable liquid cell with CaF:
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 1°°to yield the evolution associated

difference spectra and associated lifetimes.
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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
photoex citation 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-Octz 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
photoex citation 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)z 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 -OEtz-Trp; (B) Ground -state electronic
absorption spctrum in dichloromethane; Representative ultrafast pump ¢ probe spectra
recorded at several time delays and EADS in toluene (C and D, excitation | = 415 nm; E

and F, excitation | = 480 nm); in dichloromethane (G and H, excitation | = 475 nm); in
benzonitrile (I and J, excitation | =415 nm; K and L, excitation | = 480 nm).
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Figure 27. fsTA data of NDI -OEtz-Tyr: representative ultrafast pump ¢ probe
spectra recorded at several time delays and EADS in toluene (A and B, excitation | =
415 nm; C and D, excitation | = 480 nm); dichloromethane (E and F, excitation | = 475

nm); pyridine (G and H, excitation | = 480 nm); THF with KO tBu (I and J, excitation | =
415 nm; K and L, excitation | = 480 nm).
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Figure 28. Cyclic volt ammetric data of NDIs in dry dichloromethane: (A) NDI

Potential { V) vs SCE

Potential (V) vs SCE

EtPhz (magenta), NDI -OEt-EtPhz (orange), and NDI -OEtz-EtPhz (black); (B) NDI -OEt2-
Trp; (C) NDI -OEt2-Tyr; (D) NDI -OEt>-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.
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Figure 30. Synthesis of NDI -OEt-EtPhe..
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Figure 31 Synthesis of BIP -NH 2.

Compound 1,101 2,101 3101 4101 5101 § 101 7101 ND| -EtPhz10tand 9192 were synthesized from

the reported literatures.

General procedure for preparing NDI  -OEtz-R, exemplified for NDI -OEt2-Trp. A
suspension of 6 (20 mg, 4.0 umol) 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 pmol) and n-octylamine (3.6 pL, 48 umol), The
resulting mixture was heated under reflux condition for 16 h. The solution was cooled to
room temperature and diluted with CH 2Clz and neutralized with saturated NaHCO 3
aqueous solution. The organic solution was washed with 1N HC| aqueous solution,

brine, and saturated NaHCO s aqueous solution. The combined organic solution was
dried over anhydrous Na 2SO:, concentrated, and chromatographed [silica, hexanes/ethyl
acetate (3:1to 1:1, v/v) to afford an orange solid as the second band (8.0 mg, 32% for
three steps): R 0.29 (hexanes/ethyl acetate 3:2}H NMR (500 MHz, CDClI 3): d 8.45 (s, 1H),
8.43 (s, 1H), 7.95 (s, 1H), 7.87 (d= 7.7 Hz, 1H), 7.32 7.28 (m, 1H), 7.167.11 (m, 1H),
7.1147.07 (m, 2H), 4.51 4.43 (m, 4H), 4.43 4.38 (m, 2H), 4.12 4.07 (m, 2H), 3.15 3.10
(m, 2H), 1.70¢ 1.64 (m, 2H), 1.61 (m, 6H), 1.46 1.21 (m, 10H), 0.81 (tJ= 5.0 Hz, 3H); hax
in CH2Clz (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 -OEtz2-R as a yellow solid: Rr 0.79 (hexanes/ethyl acetate (3:2, v/V);raxin 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 2Cl-and then hexanes/ethyl acetate (3:1, v/v)] as the third

band (10 mg, 18% for three steps): R0.29 (CH:CI2); 'H NMR (500 MHz, CDCI s): d 8.43 (s,
2H), 7.31 (d,J= 7.4 Hz, 4H), 7.26 (tJ= 7.5 Hz, 4H), 7.17 (dJ= 7.2 Hz, 1H), 4.48 (g)= 7.0
Hz, 4H), 4.36t4.30 (m, 4H), 2.992.93 (m, 4H), 1.62 (tJ= 7.0 Hz, 6H); haxin CH2Cl (loge):

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

NDI -OEt>-Met. *H NMR (500 MHz, CDClI s): d 8.49 (s, 2H),4.554.50 (m, 4H), 4.43 4.38
(m, 2H), 4.18¢ 4.11 (m, 2H), 2.90 2.82 (m, 2H), 2.26 (s, 3H), 1.76 1.70 (m, 2H), 1.681.65
(m, 6H), 1.46¢ 1.27 (m, 10H), 0.960.86 (m, 3H); haxin CH2Cl2 (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 of6
(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 uL, 0.15 mmol)

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

v/Vv)] as the second band (6.0 mg, 8.3% for three steps): F0.45 (hexanes/ethyl acetate 3:2);
1H NMR (500 MHz, CDCI 3): d 8.50 (s, 1H), 8.48 (s, 1H), 7.23 (d= 8.1 Hz, 2H), 6.79 (dJ=
8.1 Hz, 2H), 4.84 4.85 (br, 1H), 4.5%4.50 (M, 4H), 4.40t 4.30 (M, 2H), 4.214.14 (m, 2H),
3.032.90 (M, 2H), 1.761.70 (m, 2H), 1.69% 1.65 (m, 6H), 1.461.30 (m, 10H), 0.88 ()= 6.8
Hz, 3H); Imaxin CH2Cl2 (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
(201 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) andn-octylamine (15.3 pL, 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): R0.63 (hexanes/ethyl acetate 3:2}H NMR
(500 MHz, CDCls): d 8.46 (s, 1H), 8.39 (s, 1H), 7.83 (s, 1H), 7.61 (s, 2H), 7(d49J = 14.8 Hz,
3H), 7.23 (s, 2H), 7.01 (s, 2H), 4.39 (4= 6.9 Hz, 2H), 4.31 (qJ= 7.0 Hz, 2H), 4.11 (tJ=7.8
Hz, 2H), 1.64t1.58 (m, 2H), 1.581.46 (m, 15H), 1.1% 1.04 (m, 10H), 0.78 (tJ= 7.2 Hz,

3H); ); Imaxin 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 6and 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 2Clzand then hexanes/ethyl acetate
(3:1, v/v)] as the third band (5.0 mg): *H 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), 742923 (m, 6H), 7.18
7.14 (m, 2H), 4.53 (9J= 7.0 Hz, 2H), 4.34 (9,)= 8.6 Hz, 4H), 3.022.93 (m, 4H), 1.64 (tJ=
7.0 Hz, 4H); Imaxin 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) ando-phenylenediamine (135 mg, 1.25 mmol) in
5.0 mL 1,4Dioxane 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%): R 0.32 (hexanes/ethyl
acetate 6:1)!H NMR (400 MHz, acetone-ds): d 11.46 (s, 1H), 12.25 (br, 1H)3.05 8.03 (m,
1H), 7.76 (d,J= 7.1 Hz, 1H), 7.61 (s, 1H), 7.457.44 (m, 1H), 7.33 (dJ= 6.8 Hz, 2H), 1.48 (s,

9H); ESFHRMS: obsd, 345.0603 (M + Hj calcd 345.0597 (M = GH1/BrN-20).

BIP-NH 2. A mixutre of 10 (100 mg, 0.29 mmol), 4aminophenylboronic acid pinacol ester
(63 mg, 0.29 mmol), Pd(PPh)Clz (51 mg, 73 umol), and K2=COs (80 mg, 0.58 mmol) was
placed in a Schlenk flask. The mixture was deaerated by three vaccumpurge (argon)
cycles. Then deaerated 1,4Dioxane/H 20 (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%): R 0.35 (hexanes/ethyl acetate 1:1}H NMR (400 MHz, acetoneds): d 13.86 (s,
1H), 12.31 (br, 1H), 8.068.05 (m, 1H), 7.787.70 (m, 1H), 7.627.54 (m, 2H), 7.4%7.37 (m,
2H), 7.327.25 (m, 2H), 6.76 (dJ= 8.9 Hz, 2H), 4.69 (s, 2H), 1.53 (s, 9H); ESIRMS: obsd,

358.1916 (M + Hj; calcd 358.1914 (M = @H2Ns0
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potentiometric data of R 2NDIs/BIP and corresponding S 1 redox properties.
Experimental conditions: 0.1 M TBAPF «/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 (*E'”) 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, (CFs)NDI -BIP,
H2(NDI) -BIP, (ETIPS)NDI -BIP, (OEt).NDI -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. 667 Figure 40B highlights the
potentiometrically determined first reduction potentials (E 1-'°) and coinciding singlet
excited-state reduction potentials (*E!"") for (CN)2NDI, (CF3)2NDI, H 2(NDI), (ETIPS)NDI,

(OEt)NDI with respect to the oxidation potential of BIP (E #%-).

3.2 Results/Discussion
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Figure 41. Pumpt probe transient dynamics of (A) (CN) 2NDI -BIP, (B)
(CF3)2NDI -BIP, (C) Hz2NDI -Tyr, (D) (ETIPS) 2NDI -BIP in dichloromethane. The charge
separated species NDI - (blue) forms as the S1 excited state absorption (red) decays.
The S1 excited state is not observed for (A) (CN) 2NDI -BIP, (B) (CFs)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)
(CFs)2NDI -BIP, (G) H2NDI -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) 20 e21400 nm; (CE)z0 i # 385 nm; HO wi & 385nm; (ETIPSYO wi & 450
nm; (OEt)20 wi ¥ 475 nm.

$ #2@Oh-wt § (uUpoDl BA WEOD BRI # ¢ (upoPH B wUUDOBral wEwUT

EOOx OO OUWOOET Owb b UT aushdAutl d il aul @1 W E GO wioU wl EUD
69



U0l UPYOEEOOGa wUl OPwWET EUdpT wAHiE (i ERNKEUW DO ELuk wi
"M # ¢ (up 1AKhwi UAGUEBY 1T AwOspdE Q8 U wdpOEEODPAT EwlOUDx Ol

UUEUI wEUl wOOwUT 1 wWUExPEwWPOUI UUaUWYy OWEUOUUDOT woi

, 1 ET EOPUUDPEW UUBIEQOIWIOwi OUwl

30

29 -

26 -

08 10 12 14 16 18 20 22
~AG_(eV)

Figure 42 Photoinduced CS (blue) and thermal CR (red) data (CS: NDI* -BIP
Y #3NDI -BIP %*; CR:#3NDI -BIP3*Y NDI -BIP) of R2NDI -BIPs as a function of
thermodynamic driving force, -1 &er, in DCM.

311 wWOEUUUEOWOOT woOil w/ " $3wUEUT VGw# OYWBIWEUT T wUl
I RT DPEDPUWEWUPPUET wbOwlT il @ikl &H Gmandfii@mivmeodd wi OUE
i OUWOT 1 wORPRT DwGEWWEOOXx U0l EwOUDOT wlOi i weoddYI OUE
$BBUEVRADOQ@AOOWUT OEDPOUWE x x Ung) ReUEAF O(iuel UBEHDIMDII E O O wi
hud Y k wi dFIUE/OER( upl WERIWEWILHE + Kwl 5 AwWET UxDUITwEwWayYysdt u

70



T& A4 Uw&dOEUI EUI Uwi UUUT T UOWOOOWET EOOI UwEUDYDOT w
UOw! W (v & Owhid W wi SuAQouDuiu# ¢ § dpA 8O wl 6 Y A wi 5 AwU0
| N6 # YuWa-A4 ¢ (ud &Owl A wli SAwbDUOT OQUUOwI 601 UPOT wlT 1t
" OPI Y1 WOMOBOUw, EVEUUwWPOYI UUI EwODOI UPBYOWEIT EUI E
L (/ UwEl Ux b Ul &uth QODiwEdilddie st (v & Owy d Nhuwi S3*Aw0Owl A
i e # ¢ (ud & Owhid Yl wi SUAQIBGHE (b 1&AQuIhu S KOOl Fubull K w U
i CopuB (1 26 (ud & Owhid KI wi BuKGotiRGRuY & & Mk &id whud k A wi 5 K8

®. $-0#g (WUOYDEI EWEWOOET GO0V Db Yl B UOOVE O x
OPOI UPEHOE waB@Qus PUWEOCEwW, (1wbOET x1 OETI OUwxUOEIT Uw
/" $3wll ET EOPUOuNOUwO RIwEBEDY R O6T wi OUET wi OUw" 2wEl
Ul UDI- Blgf iaqu$ 3 (14 2 & (Wan. $-0#¢ (AOwWUT 1 WUEDT wéhbwd w00
A8 w3T PUwUUTTT U0U0WOT Ep&aB(] @a@i(®UnEGuEOOET wi2 EHiwd U
Ol EIl EOPUOOWI PYI Owl0T 1 wxUi YDPOUUWEUUDT OO1 OUwOi weobd
. $-UKE (Fv

3PDO1 wEl x1 OEI OUVUWE] OUPUAawi UBEUDPOOEOwWUT 1 OUa wEC
UUENT ECOUAWUDOUOEUDPOOUwxUOYBDEDUBUIBIPEOLOT B QU

PUUPEwWUPDPUET dww2UUI EET wi OxxbDOl wgUEUDPEOEU

(@]

i B

mp

O

Ei 01 U@PIOWOT ET EOD U Gpidé e (& Déplud-Bug (ET EUT 1 w
Ul xEUEOUDPOOwp' 2 Awx UOET UUT U w/ Ul ¥VDéUEOKD s 0 wb E Uw

71



ET EUT 1 wUIl xEUEUPOOWEOEWET EUT T wUl EOOEDPOEUDPOOWxUO

Ol Ei E &aud Ol @-UK¢ (L OUOEwWUI UY] wEUwWEwWET OET OEUOuwIi OU!
Ol Efl EOPUOUS W UwlOl | w" 2wOEEUVUUVUwWI EV0I UwUT EOQwPI WEE
| OUET wOQisEHOI( BO®WW-4 ¢ (QwUT 1 OUawx OEaAaUWEWEUDUDE

EUPOOwWOI WEAOEOPEEOQWEEUESd w2UUI EET wi Ox x

(@)

Ux Ul

(@}
(@)

b
Pl Ul wOUI EwOOwl OU E b B0 dl KU EE QuOu (i iEu@@EEOOEG wu O i w.

EEUPYEUPOOwWPOWUT 1T weSUUUT woOl wOT T w" 2wxUOEI UUOWEOD
OEUI UYIl EupPwill uuAadl wUEEOI wEAOEOPEUOWDOOUODOEUI
EOOE b O ufi-@gu &t UPOT wlOT 1 w3 # # %3 wWE E EICEWODEIEDwWHWED

I OxxPOT wWOUEN]I E0OOUa wOT UT OEOQwWOUUWUDPOUOEUDPOOUWT EY

Ol ET EOPUOUWI OUwxT OUOPOEU®I Uk 6 WEPDOEWUUPEWOUBHE

>

(@)

$3 3wxEUT PE&#W (@uwUTT1T U0UDOT wOT ECwUOT 1T w- #( wl U7 ORa

Ul EUET UwUT 1T wYl UUPEEOwI Ol UT awl ExwEI OPT 1 OQwlT 1 wodob

72



1 5w00wydyt wi 50uxUO0O0OUDPOT wlT 1 w6601 UPOPEUDPUOW.

OOEI UUI Ew/ " $36w

——N-H Bond
——O0-H Bond

- - - -
N - (2] [=-]

Bond Length (Angstrom)
P

ot
©

o

10 20 30 40 50 60
Time (fs)
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3.3 Conclusion
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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 A
molecular sieves pumped by argon. Degassing of solventswas achieved through three
freeze-pump -thaw cycles in Schlenk flask. The silicagel chromatography on bench top
is 230400 mesh (SiliCycle, F60) as media and thidayer chromatography (TLC) was
conducted on SiliaPlate Plates (SiliCycle, F254). Deionized water was usedor 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 -ds and peak
multiplicities are marked as singlet (s), doublet (d), triplet (s), quartet (g), 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
Ol UT OEVUw. xUPEEOwWxUOUI UwpawWY wi UOwhO' a AwET OUI UI
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 ccut 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 ~0.2t 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 computercontrolled
image spectrometer (Acton Research Corporation, SpectraPrel50). 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 (loncpW A A w

and (lotpM KA WU OWET U1 UOPOT wOT 1 wE Briph KBdpOAEADIW x O EWWUWEDW
optical studies were carried out at 21 + 1 °C. Samples were deoxygenated via three
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successive freezepump -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 ~15@50 data points. In these experimens,
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
t 15 um. 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

EWEOOx UUI UP & I pEnsatol that setzhe pulagx®magic angle (54.7°)
77



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 beto
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 freezepump -thaw cycles.
Measurements were made in a Specac Omni Cell demountable liquid cell with CaF:
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 19°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 freezepump -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 Cé-: optical windows. 1°7 All electrochemical samples were ~510
mM with 0.1 M in [ n-BusN]PFs in freshly distilled DCM. IR spectra were recorded with a

Bruker Vertex 70 spectrometer at 2 cni 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 ~5 mM with 0.1 M in

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

Synthesis of 1'% and 2 were followed as reported.

Synthesis of NDI -BIP (3). A suspension of 1 (0.100 g, 0.264 mmol) and? (0.094 g, 0.264
mmol) in dimethylformamide (5 mL) was heated to 120 @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 = @H 42N 4Os);
'H 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 (g, 1H), 7.44 (d, 3H), 7.16 (q, 2H), 4.02 (t, 2H), $.5B1 (m,
2H), 1.49 (s, 9H), 1.38 1.20 (m, 12H), 0.78 (t, 3H); );daxin CH2Cl2 (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 R2NDI -BIP.

General Procedure for Br2NDI -BIP (4). A suspension of dibromo -NDA (0.500 g, 1.17
mmol) in acetic acid (5 mL) to 90 @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 BsNDI -Octz: R 0.85
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(EtOAc/hexanes (2:3, v/v). Second spot is BINDI -BIP: R 0.75 (EtOAc/hexanes (2:3, v/v).
Yield: 11 mg (11%). MALDI-TOF: obsd, 875.844 (M+H); calcd, 876.65 (M =

CasH 40Br2N40s); *H NMR (500 MHz, CDCl 5): d 9.04 (s, 2H), 7.72 (s, 2H), 7.64 (s, 5H), 7.32

(s, 5H), 4.21 (t, 2H), 1.791.73 (m, 2H), 1.56 (s, 9H), 1.48 1.24 (m, 12H), 0.84 (t, 3H); );nlax

in CH2Cl2 (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 NDFBrz-BIP2: Rr 0.40

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

(ETIPS)NDI -BIP (6). Pure Br.NDI -BIP (0.011 g, 0.014 mmol), Pd(PPxCl- (0.004 g,
0.006 mmol), and Cul (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(PPhs)Clz, and Cul. The reaction was heated at 60mC 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 Na2SOs and evaporated under reduced pressure. Crude
(ETIPSYNDI -BIP was purified via column chromatography (10 -40% EtOAc/hexanes).
Second band is (ETIPSNDI -BIP: R 0.75 (EtOAc/hexanes (2:3, v/v). Yield: 15 mg (99%).
MALDI -TOF: obsd, 1079.548 (M+H); calcd, 1079.59 (M = @Hs2N40sSk); *H NMR (500
MHz, CDCI 3): d8.79 (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), 1.78L.71 (m, 2H), 1.53 (s, 9H), 1.331.24 (m, 10H), 0.77 (t,
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3H); ); Imaxin 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).

(C4HsN)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 60 uC
for 16 hours. The reaction was cooled to room temperature and quenched with 1M HCI
(15 mL). Reaction mixture was extracted with EtOAc (15 mL) and washed with DI water
(3 x 15 mL). Organics were dried over Na2SOs and evaporated under reduced pressure.
Crude (C4HsN)2NDI -BIP was purified via column chromatography (10 -40%
EtOAc/hexanes). First spot is (C4HsN)2NDI -Octz: R 0.85 (EtOAc/hexanes (2:3, v/v).
Second spot is (GHsN)2NDI -BIP: R 0.75 (EtOAc/hexanes (2:3, v/v). Yield: 4 mg (6% over
2 steps). Third spot is (GHsN)2NDI -BIP2: Rr 0.40 (EtOAc/hexanes (2:3, v/iv). MALDI-TOF:
obsd, 855.399 (MH)-; calcd, 857.07 (M = G&HseN¢Os); *H NMR (500 MHz, CDCI 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), 1.74..68 (m, 2H), 1.53 (s, 9H), 1.24 1.09 (m, 10H), 0.78
(t, J=7.2 Hz, 3H); haxin CH2Clz (loge): 293 nm (4.58), 301 nm (4.57), 346 nm (4.1B64

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 Cul (0.033
g, 0.172 mmol) were added to the suspension of crude BsNDI -BIP and further degassed
for 15 minutes. Reaction was heated at 7@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 (CF)NDI -BIP
was purified via column chromatography (10 -40% EtOAc/hexanes). First spot is
(CFs)2NDI -Octz: Rr 0.85 (EtOAc/hexanes (2:3, v/v). Second spot is (GizNDI -BIP: R 0.75.
Yield: 6 mg (8% over 2 steps). MALDI-TOF: obsd, 854.484 (M+H)calcd, 854.85 (M =
Ca7H4oFsN4Os). (EtOAc/hexanes (2:3, v/v). Yield Third spot is (CFs)2NDI -BIP2: R: 0.40
(EtOAc/hexanes (2:3, v/v).2H NMR (500 MHz, CDClI 5): d 9.27 (d, 2H), 7.79 (d, 3H), 7.70
(s, 1H), 7.67 (s, 1H), 7.53 (s, 1H), 7.41 (d, 2HJ.33 (d, 2H), 4.24 (t, 2H), 1.7AL.77 (m, 2H),
1.56 (s, 9H), 1.26 1.21 (m, 10H), 0.88 (t, 3H);daxin CH2Cl2 (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 BrzNDI -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 Br=NDI -BIP and further degassed for 15 minutes.
Reaction was heated at 12@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}NDI -Octz: Rr
0.85 (EtOAc/hexanes (2:3, v/v). Second spot is (CNNDI -BIP: R 0.75 (EtOAc/hexanes
(2:3, v/v). Yield: 1 mg (0.2 % over 2 steps). MALDITOF: obsd, 768.861 (M+H) calcd,
768.87 (M = GsH 44N 40s); 'H NMR (500 MHz, CDCls): 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), 1.30
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1.21 (m, 10H), 0.84 (t, 3H));daxin CH Cl2 (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 47.'H NMR of Br 2NDI -BIP in CDCI s.
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Figure 50.'H NMR of (CN) 2NDI -BIP in CDCI s.
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Figure 51.1H NMR of (CF 3):NDI -BIP in CDClI .
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Estimation of singlet excited -state reduction potentials ( 'R2NDI ). The first reduction
potentials (R2NDI -°) were determined via cyclic voltammetry (Fig. 53). The singlet
excited-state reduction potentials (*R:NDI ) were then estimated using the equation

below,
E=bko+ E°
Where the BoE EOWET wl UUPOEUTI EwYPEWUT | wMwEUwhY i wdi woT |

lowest energy absorption band (Table 1).10%111

>
B
o
S
S
o
o —

(CN),NDI-BIP
(CF,),NDI-BIP
——H,NDI-BIP

30000+ —— (ETIPS),NDI-BIP
| (OEt),NDI-BIP
20000 &j %

Extinction Coefficient (M'cm")

10000+ /\\/\
0 T T \| .k T 1 1 1 1
300 400 500 0.0 -0.5 -1.0 -15
Wavelength (nm) Voltage (V vs. SCE)

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
TBAPF«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

yo - yd Yo Yo
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Where driving forces were calculated using either experimental potentiometric data in

Table 1,Roa=11.37A, b= 1.4 A néd wt 8 k wW@O.QFFD BEAO

Table 1. Experimental Potentiometric Data

Molecule E vs. SCE Eoo(eV)
Experimental
(CN)2NDI -0.09 toyuw
(CFs)2NDI -0.2 tOYN
H2NDI -0.59 t o6l K
(ETIPS)NDI -0.6 | 6 At
(OPhe)NDI -0.67 | 61 |
BIP 0.96 N/A

Table 2. Experimental Driving Force vs. Rate Constants for R 2NDI -BIPs

1 &s(eV) Inkcs(s) -l &r(eV) Ink cr(S)
(CN)2NDI -BIP | 6 huA | NO K" Y0 Nh | Wo hul
(CFs)2NDI -BIP | 6 YA | NOt ; huo Y | | A O N
H2NDI -BIP huo Wt | Wo A | hué K hu | A0 .
(ETIPS)NDI -BIP huo t K | Wo | f huo K| I + 6 Wl
(OEt)2NDI -BIP hud Y Kk | Wo K| hué k A | KO NI
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Femtosecond Transient Absorption Spectroscopy
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Figure 54. (A) Pump t probe 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
EOOEPUDOOUO wp" %t Al Ownl Rwél wt Wk wdOS
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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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E0.0) Estimations of NDls
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Figure 56. (CsHsN)2NDI -Oct2 Absorption (red) and emission
(black) in DCM. E(0,0) = 612 nm.
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Figure 57. (ETIPS)NDI -Octz Absorption (red) and emission
(black) in DCM. E(0,0) = 450 nm.
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Figure 58 H2NDI -Oct2 Absorption (red) and emission
(black) in DCM. E(0,0) = 383 nm.
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Figure 59. (CFs)2:NDI -Oct2 Absorption (red) and emission (black)
in DCM. E(0,0) = 399 nm.
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Figure 60. (CN)2NDI -Octz2 Absorption (red) and emission (black)
in DCM. E(0,0) = 403 nm.
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4.1 Introduction

3aUOUDOI wUI UYT UWEVUWEOwWDPOx OUUEOUwWUT EORwWDPOUI L
UUET wEUwl 1 O1 UEUDOT woR alMdwbOiwe U DEIowWw-a WOE DruQ B Quduw
UDEOOUEOI OUDPEIT witkl GFEWEERH U TUwepiOT 1mO® PEEUDY I gUDY E C
vy OPT YT UOwUaUuUOUDPOT wbhbUwE wi &¥Chuund G Il uChumfRESl 20 1 $EA0 U C
Ul OET UUwPUwUI EORwWDPOT UOwPOwWUT I weEUI OET wOi wEwxUO

31T UUwi EUOWODT T UwE UDYiBWlL®OU WEIUPOWWDE Qus@ATUU O U
OEUI UYI EOQOwWEUwWPUwUI gUPUI Uo whuAkw" Ol EUwUxT ECUOUE Ox
3avum Opi 11OwKYFOw!l Aws3wlDOI UEEOT UwUOWET wi EV0CIT U
UOOYI OUwUOwxUI EOQUET w/ ¥ wEexQEED BIUE uwu odXpECEIAEDEDD w3

ORPEEUDPOOWOI w3aUWOEEUUwWUOOwWU OO Pp@OIUwdIDED BEIEVE &

EIl xUOUOOEUPOOWOEEVUUUWUEADEGDLUDEOPBUEDU WAODEBES
UOEOEDPT UOUUOCawhbEIOUBUDPWOERADEEADDOWOHHWOOBW OOO01 OU

(OQwll PUwWUI xOUUOwWPT wxUOYDPET wi Bx1 UDOI OUEOwI YPEIT O
UOUUET WHdWOB UM & wi 1 Ol ‘w0 B QRauiiuiivm-3 418 22K &

-EUUUI ZUWET EUT T wUl xEUEUDPOOwWxUOET UwU wb Owx U C
EOCOEWEUa x Bi@hil wO@UUEI EUV0wp@hux UKS w3 Owl EPOwWDPOUDT I
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hutuN

4.2 Results/Discussion

Figure 61A shows the structures of substituted NDIs that manipulate the singlet
excited-state reduction potentials (*E/) for intramolecular photooxidation of 2,6 -di-tert-
butylphenol (Tyr). Syntheses and characterization of these compositions are detailed in
the Sl. 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. 667 Figure 61B highlights the potentiometrically

determined first reduction potentials (E 12'°) and corresponding singlet excited-state
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reduction potentials (*E'") for (CN)2NDI, (CF 3)2NDI, H 2(NDI), (ETIPS) 2NDlI,

(OPhe):NDI with respect to the oxidation potential (E %) of Tyr.

Figure 61. (A) Chemical structures of R 2NDI -Tyrs. (B) Ground -state
potentiometric data of R aNDIs/Tyr and corresponding S 1redox properties.
Experimental conditions: 0.1 M TBAPF «DCM electrolyte/solvent system; ambient
temperature; potential vs SCE.
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