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ABSTRACT

The conversion of water to hydrogen and of carbon dioxide to industrially
relevant chemical precursors are examples of reactions that can be used to store
renewable energy as fuels or chemical building blocks for creating sustainable chemical
manufacturing cycles. Unfortunately, current industrial catalysts for these transformations
are reliant on relatively expensive and/or rare materials, such as platinum in the case of
hydrogen generation, or lack selectivity towards producing a desired chemical product.
Such drawbacks prevent global-scale applications. Although replacing such catalysts with
more efficient and earth-abundant catalysts could improve this situation, the fundamental
science required for this is lacking. In the first part of this dissertation, the synthesis and
characterization of a novel binuclear iron fused porphyrin designed to break traditional
scaling relationships in electrocatalysis is presented. Key features of the fused porphyrin
include: 1) bimetallic sites, 2) a n-extended ligand that delocalizes electrons across the
multimetallic scaffold, and 3) the ability to store up to six reducing equivalents. In the
second part of this thesis, the electrochemical characterization of benzimidazole-phenols
as “proton wires” is described. These bioinspired assemblies model the tyrosine-histidine
pair of photosystem Il, which serves as a redox mediator between the light-harvesting
reaction center P680 and the oxygen evolution complex that enables production of
molecular oxygen from water in cyanobacteria, algae, and higher plants. Results show
that as the length of the hydrogen-bond network increases across a series of
benzimidazole-phenols, the midpoint potential of the phenoxyl/phenol redox couple
becomes less oxidizing. However, benzimidazole-phenols containing electron-
withdrawing trifluoromethyl substituents enable access to potentials that are



thermodynamically sufficient for oxidative processes relevant to artificial photosynthesis,

including the oxidation of water, while translocating protons over ~11 A.
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CHAPTER 1

INTRODUCTION
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1.1 Increasing Population and Greenhouse Emissions

The world’s population reached 8 billion people by the end of 2022. The current
projections now estimate that it will increase to 9 billion people by 2037, and then peak at
10.4 billion by mid-2080’s.! Energy demands increase along with this growth. During
2021, 79% of the total 624 x 108 J used in the world came from fossil fuels (coal, natural
gas, and oil), while the rest came mainly from nuclear power and renewable sources
(wind, solar PV, hydropower, bioenergy, geothermal, etc.).? At the same time, the total
energy-related CO emissions amounted to 36.6 x 10° tons, the largest annual increase in
history. At the end of July 2023, the average concentration of CO> in the atmosphere was
419 ppm?® — 50% higher than it was during the Industrial Age, 30% higher than in 1958
when scientists started measuring consistently the atmospheric CO2, and 11% higher than
in 2000. Besides these rapid increases over the last centuries and decades, it is also worth
noting that the concentration of CO- fluctuated between 180 and 290 ppm during the last
800,000 years.* Additionally, it is estimated that the last time the Earth had
concentrations between 300 and 400 ppm was probably during the mid-Pliocene around 3
million years ago, and the last time concentrations were consistently above 400 ppm, it
was probably during the Miocene, 16 million years ago. In order to avoid the further
increases in the atmospheric levels of this greenhouse gas and the concomitant
environmental consequences, it is necessary to keep working on increasing the use of the
aforementioned renewable sources and decrease our dependence on fossil fuels.

1.2 Renewable Energies and Technologies

The use of renewable-energy sources to produce carbon-free or neutral fuels provides a
promising alternative to using conventional petroleum-based, fossil resources.
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Renewable-energy sources, such as wind and solar, can easily provide the total energy
demands of modern societies. For example, Earth receives approximately 120 x 10%° J
every second from sunlight.>® In other words, one hour and a half of sunlight would be
more than the total energy used in the world in 2021. However, this energy is diluted
(considering the total surface of Earth) and intermittent (the sun eventually sets).
Therefore, such technologies would require the development of materials capable of
efficiently storing energy so they can be distributed later at different times and places.

One promising approach is to store electrical power generated from renewable
sources in the form of chemical bonds. Such processes are inspired by biological energy
transduction schemes, including the process of photosynthesis that occurs in plants,
where solar energy is initially converted to electrical forms of energy and then ultimately
transformed to chemical forms that provide the foods and fuels for powering the planet.
Such technologies, whether biological or human-engineered, ultimately require the use of
materials known as catalysts, which appropriately direct the energetics and timing of the
overall fuel-forming reactions.

Acrtificial photosynthesis applies the fundamental principles of the natural/biological
process including the capture, conversion, and storage of solar energy, to develop human-
engineered counterparts.>’! Natural photosynthesis is currently the largest-scale process
for storing light energy in the form of chemical bonds,*?*® but the overall solar-to-fuel
conversion efficiency is limited to a few percent and its products are already appropriated
for powering the biosphere.r® Although natural photosynthesis is a product of continued
evolution stemming from environmental pressures and opportunities,* it is not designed
to satiate the material and fuel-consumption demands of modern societies.*® Conversely,
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if the associated technological and policy challenges can be surmounted, artificial
photosynthesis offers a route to meeting global human energy demands with minimal
environmental impact.>%1%16-18 |n this context, designing artificial photosynthetic
assemblies that use "just the best bits" of the biological counterpart is a promising
approach. %20
1.3 Natural Photosynthesis
Nature utilizes an array of pigments to harvest solar energy including chlorophylls,
bacteriochlorophylls, carotenoids, and phycobilins. These molecules can be arranged in
antenna complexes, where the absorption of light triggers spatial and energetic funneling
of photonic energy to chlorophyll-based reaction centers that initiate a cascade of
photoinduced electron-transfer events.? The pigments in the antenna enable use of a
larger cross section of the solar spectrum compared to what can be directly absorbed via
chlorophyll-based reaction centers.?*?® For example, in Photosystem | (PSI) (Figure 1.1),
the modified chlorophyll a reaction center, P700, has relatively intense absorption bands
in the blue (Soret bands) and red (Q bands) regions of the solar spectrum, but the
surrounding antenna complex enables utilization of photons at wavelengths where the
light harvesting efficiency of P700 is relatively low.?? Although high light fluxes can
result in photodamage, nature has evolved elaborate protection, regulation, and repair
mechanisms.?*?° These include the rapid quenching of chlorophyll triplet states via
energy transfer to surrounding carotenoids, thereby avoiding the generation and
damaging effects of singlet oxygen.?®

Following the transfer of energy to a reaction center, the resulting excited state is
transformed to charge-separated states. In biological photosynthetic assemblies, multistep
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Figure 1.1 A diagrammatic scheme highlighting the light-induced electron- and proton-
transfer reactions occurring within and across the thylakoid membrane of oxygenic
photosynthetic organisms. Four major intramembranous protein complexes are shown,
including Photosystem Il (PSII; water-plastoquinone oxidoreductase), cytochrome (Cyt)
bef (plastoquinol-plastocyanin-oxidoreductase), Photosystem | (PSI; plastocyanin-

ferredoxin-oxidoreductase), and ATP synthase.

electron-transfer reactions involving molecular cofactors spatially separate charges,
resulting in relatively long lifetimes of the final charge-separated state and an electron
motive force that is appropriate for meeting the thermodynamic demands of water
splitting.?2% As an example, initiation of photoinduced charge transfer reactions from the
excited-state reaction center of PSI to neighboring chlorophyll a (Ao) is followed by a
series of subsequent electron-transfer steps involving phylloquinone (A1), three iron-
sulfur protein clusters (Fx, Fa, and Fg) (Figure 1.2), and ferredoxin, which shuttles

electrons to ferredoxin-NADP* reductase.?*?’ Each electron-transfer step increases the
5
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Figure 1.2 Energy-kinetic diagram showing the photochemistry and electron-transfer
events associated with PSI. In this diagram, chlorophyll Ao serves as a redox mediator

between the excited state P700* reaction center and phylloquinone A.

physical distance between the resulting electron—hole pair (~7—16 A per electron transfer
(ET)), thereby reducing the rates of charge recombination.?? However, each electron-
transfer step occurs at the thermodynamic expense of utilizing a fraction of the initially
absorbed photonic energy and therefore limits the energy that can be stored in chemical
products.

As shown in Figure 1.3, the electron-transfer kinetics associated with photosynthetic
complexes, including PSI, have been modeled using the Marcus-Hush-Levich equation,
where the rate constant for ET (ket) in the adiabatic regime is described by Equation

1.1:283

[_(AG°+/1)2]
) |Hagl?el  #3ksT

ker = (1D

( T
h2AkgT
In Equation 1.1, the pre-exponential factor includes the reduced Planck constant (% =

1.054571 x 104 J s), the reorganization energy (1) (describing the energy required for

structural adjustments to distort the nuclear configuration of the reactants into the nuclear
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Figure 1.3 (a-c) Marcusian diagrams with potential energy surfaces for electron transfer
from an initial state (blue) to a final state (red). Each case represents one of three
different scenarios in the (d) Marcus curve: normal region (green), the activationless
point (dashed black line), the inverted region (pink), and saturating electron-transfer

kinetics (dashed gray line).

configuration of the products without charge transfer occurring), the Boltzmann constant
(ks = 1.380649 x 1022 J K1), temperature (T), and the electronic matrix element (Hag)
(describing the overlap of donor and acceptor orbitals between the reactants and
products). The exponential term is the Frank-Condon factor, which includes AG® for the
electron-transfer reaction and A. Equation 1.1 is essentially a nonlinearized version of the
Butler-Volmer expression,®*2 where the charge-transfer coefficient changes as a function

of the driving force. In general, there are three distinct regimes of ET kinetics associated



with Marcus-Hush-Levich theory. In the normal region, where the negative standard
Gibbs free energy change for ET is less than 4 (i.e., -AG® < 1), the rate of ET increases as
a function of increasing thermodynamic driving force (Figure 1.3a). When the negative
standard Gibbs free energy change for ET is equal in value to A (-AG° = 1) ET becomes
activationless and the rate of ET is thus maximized (Figure 1.3b). Further increasing the
driving force to conditions where the negative standard Gibbs free energy change for ET
is greater than A (-AG°® > 1) results in inverted region kinetics where the rate of ET
decreases as the thermodynamic driving force increases (Figure 1.3c). Inverted region
behavior has been invoked to rationalize the relatively sluggish kinetics associated with
charge recombination pathways in biological photosynthesis (indicated with dashed blue
arrows in Figure 1.2) as compared to the relatively fast rates of forward electron-transfer
steps (indicated with solid blue arrows in Figure 1.2). Similar inverted region behavior is
generally not observed in electron-transfer reactions involving electrode materials (as
indicated by the dashed gray line of Figure 1.3d). In this case, the relatively high density
of states associated with conductive materials favors overlap of initial and final states
with activationless electron-transfer Kinetics.

An overall equation for natural photosynthesis is shown in Equation 1.2.

6C0, + 12H,0 + hv - C4H,,04 + 60, + 6H,0 (1.2)

Consistent with this equation, Ruben and coworkers have shown via 30 isotope labeling
experiments that oxygen atoms of the product O> are derived from oxygen atoms of
reactant H>O, and the oxygen atoms of the reactant CO- are used to form additional
molecules of H20 in the product state.®® By utilizing photoinduced charge-separation

reactions, photosynthetic organisms are capable of extracting electrons from water at the
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oxygen evolving complex (OEC) of Photosystem Il (PSII) and storing them in the form
of relatively high energy chemical reducing equivalents. In this process PSII and PSI act
in series, with PSII handling the oxidative chemistry (Equation 1.3a) and PSI handling
the reductive chemistry (Equation 1.3b) via a ‘wireless’ process that achieves overall
splitting of water.

2H,0 — 0, + 4H* + 4e” (1.3a)

E° =-0.81V vs NHE (pH 7)

2NADP* + 4H* + 4e~ — 2NADPH + 2H* (1.3b)

E° =-0.32 V vs NHE (pH 7)

In PSI, electrons are transferred to the ferredoxin—-NADP™ reductase enzyme and used
to facilitate light-driven formation of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) (Figure 1.1). NADPH can also be generated along with CO; by the
breakdown of glucose (CsH1206) Via the pentose phosphate pathway. NADPH is then
utilized as a chemical reductant in the Calvin-Benson-Bassham cycle, sometimes referred
to as the reductive pentose phosphate pathway, where CO fixation occurs to form
glyceraldehyde-3-phosphate (G3P), which is used to form carbohydrates, including
glucose.®*3® Unlike the light-driven processes occurring at PSII and PSI, the Calvin Cycle
occurs in the dark. As shown in Equation 1.4, this cycle involves proton- as well as
electron-transfer reactions that are powered by the hydrolysis of adenosine triphosphate
(ATP), a molecule which stores as well as intracellularly transports energy in chemical
form and is also a product of photosynthesis (vide infra).

3C0, + 6NADPH + 6H* + 9ATP — G3P + 6NADP* + 9ADP + 3H,0 + 8P; (1.4)

Electron-transfer reactions in biology are often coupled to proton-transfer reactions.

9



As an example involving oxygenic photosynthesis, the cytochrome plastoquinol-
plastocyanin-oxidoreductase (Cyt bef) complex shuttles electrons between plastoquinol,
which forms upon the reduction of plastoquinone at the Qg site of PSII, to plastocyanin,
which in turn transfers electrons to the P700 cofactor of PSI, while also pumping protons
from the stromal side of the membrane protein to its luminal side. This results in the
formation of a proton-motive force (PMF) that ultimately powers the synthesis of ATP
(Figure 1.1).35%° Thus, a fraction of the initially absorbed photonic energy is used to drive
the formation of electron as well as proton gradients and the generation of NADPH as
well as ATP. Proton-coupled electron transfer (PCET) processes found in biology have
inspired the design of synthetic assemblies.**-*° Ultimately, the ability to incorporate and
control PCET processes is essential to designing artificial photosynthetic systems that
effectively couple the inherent one-photon to one-electron chemistry of light absorption
with the multielectron, multiproton chemistry required for nearly all fuel-forming
reactions relevant to solar photochemistry (Table 1.1).50-%

1.4 From Enzymes to Human-engineered Catalysts

Nature employs myriad of enzymes for catalyzing various redox half-reactions, including
oxygen evolution, hydrogen evolution, carbon dioxide reduction, nitrogen reduction, and
oxygen reduction reactions.>’%! These enzymes feature active sites containing earth-
abundant metal centers coordinated to soft-material frameworks (in the case of proteins,
amino acid residues) which are proposed to provide primary, secondary, and further
extended coordination environments that promote effective catalysis.>*®%% In this
context, the three-dimensional chemical environments of enzymes are the product of four
billion years of evolution that have amplified their catalytic activity and selectivity by
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Table 1.1 Formal (E°’ at pH 7) and standard?® (E° at pH 0) potentials written as reduction

half-reactions by convention.

N2 +e — Ny E°=-472

N2 + H" + e — N2H E°=-3.22

CO; +e — COy” E° =-1.90

CO2 + 2H" + 2 = HCO2H E°’=-0.61
CO2+2H" +2¢e" = CO + H,0O E°’=-0.53
2C0O2 + 2H" + 2e" = H2C204 E°’=-0.49
CO2 + 4H" + 4¢- = HCHO + H20 E°’=-0.48
2H" +2e" = H2 E°’=-041

CO2 + 6H" + 66" = CH3OH + H,0 E°’=-0.38
CO2 + 8H" +8e" — CH4 + 2H20 E°’=-0.24
Nz + 5H* + 4e” = NoHs" E° =-0.232
Nz + 8H* + 66" = 2NH,* E° =+0.282

O2 + 4H" + 4¢” — 2H,0 E°’=+0.81
HOO® + 3H" + 3¢ = 2H,0 E° =+1.26
HOOH + 2H" + 2e" — 2H20 E°’ =+1.37
HO* + H" + e — H20 E°’=+2.39

2 In these selected examples, where the chemical form of the product depends on the

pH of the solution, standard reduction potentials (at pH 0) are reported instead of
11



formal potentials (at pH 7).

b \/alues taken from references 51, 53, 54, and 56.

promoting favorable binding of substrates, selective formation of transition states,
stabilization of intermediates, favorable release of products, and tuning as well as
leveling of the redox potentials encountered across a reaction coordinate.®® In one
example of redox tuning, the metal centers of Fe-containing complexes in biological

assemblies span over a 1 Volt range in their midpoint potential (Figure 1.4).557°

4 Fe cluster _
— 4 Fe cluster HiPIP
3 Fe cluster ——
2 Fe cluster

rubredoxin
I

1 I
200 0 200
E” (mV)

Figure 1.4. The redox span of iron complexes in biological systems.

1 | I I
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The favorable properties of enzymes have made them targets for integration with
solid-state electrode materials, and the process of mediating current flow between
biological complexes and conductive surfaces has led to applications in sensor
technologies, fuel cells, and electrocatalysis.®™"*"" However, in the context of solar-to-
fuels technologies, the relatively large molecular footprint and fragility of enzymes
restricts several industrial applications. As an example, one mole of D. desulfuricans
hydrogenase enzyme, which can produce 9,000 hydrogen molecules per second per
enzyme,’® could fill the airship Graf Zeppelin in ~10 min or the main liquid-hydrogen

tank of a space shuttle in ~2 h,”® but given its molecular weight of ~53 kDa, one mole of
12



hydrogenase equates to ~120 Ibs. (~55 kg). Such characteristics have prompted
researchers to investigate the design of more streamlined assemblies including the pursuit
of both top-down and bottom-up strategies.>®"4&°

The well-defined structures of enzymes have been modulated to investigate and better
understand structure-function relationships. In addition to amino acid mutations within
the biological toolbox, strategies to incorporate chemical functionalities not found in
nature have also been explored including the use of unnatural amino acids, development
of chimeric proteins, and de novo protein synthesis.8*! For example, synthetic functional
models of the [Fe-Fe] site of hydrogenase have been effectively incorporated into the
protein apo-HydA.%? In a related vein, the rubredoxin scaffold has been used to
coordinate Ni in place of its native Fe metal center, resulting in a hydrogen evolution
catalyst that is oxygen tolerant.*® The development of human-engineered molecular
catalysts, which are often inspired by the active sites of enzymes, also continues to be an
active area of research. In one particular example, Ni catalysts containing diphosphine
ligands developed by DuBois and coworkers® have been studied as homogeneous
electrocatalysts as well as components in heterogeneous electrocatalytic assemblies and
in photoelectrosynthetic cells.®>°” Shaw and coworkers have further shown that
synthetically adding amino acids to the outer coordination sphere of this class of catalysts
can significantly enhance their performance by reducing the overpotential (n) required to
achieve a given rate of H> production, improving their solubility, and enhancing their
stability during catalytic operation. These examples highlight promising features of
extended three-dimensional environments for controlling the reactivity of catalytic

sites,%8-101
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1.5 Porphyrins as Catalytic Models

Catalysts are central to energy conversion in biology and technology.?21192-108 They
provide low-energy pathways for steering chemical transformations and are used in
applications ranging from manufacturing fuels and fine chemicals to controlling the
bioenergetic reactions essential to all living organisms. In technological processes, the
solid-state form factors of heterogeneous electrocatalytic materials make them conducive
to many industrial applications, including reactions where they provide a means of
activating small molecules at electrified interfaces.’® Conversely, the study of
homogeneous molecular catalysts has provided researchers significant insights regarding
mechanisms and active site structure-function relationships governing myriad catalytic
processes.’263110111 yn|ike traditional surface electrocatalysts, where the active sites are
integral to the electrode, contribute to the Fermi level, and are structurally less well-
defined, favorable features of homogeneous molecular electrocatalysts include enhanced
synthetic control over their physical properties as dictated by their well-defined
structures. Thus, they are distinct entities with their own electronic and chemical
properties.

In this context, tetrapyrrolic macrocycles, including metalloporphyrins, have garnered
significant attention'??! as they are essential to the function of biological systems and
serve as molecular components in existing and emerging technologies. As
electrocatalysts, metalloporphyrins are capable of chemically transforming protons into
hydrogen as well as converting carbon dioxide into carbon monoxide and other reduced
forms of carbon.12#14

The hydrogen evolution reaction (HER), for example, is a half reaction fundamental
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to several chemical transformations with relevance to energy transduction, is among the
simplest PCET reactions (Equation 1.5). The long-established industrial catalyst for
activating this transformation is elemental platinum. However, concerns that future
market demands for platinum and other rare-earth elements could outpace availability
have prompted researchers to seek alternative materials and design principles to prepare
catalysts for the production of hydrogen and other industrially relevant chemicals. 1142143
In the rapidly developing field of molecular electrocatalysis, researchers continue to
explore the use of chemical coordination environments to control the catalytic properties
of earth-abundant elements, facilitating mechanistic studies that can be prohibitive in
more complex heterogeneous assemblies and thus aiding the design of better
homogeneous as well as heterogeneous catalysts,%+101:144-149
2H* + 2e~ > H, (1.5)

Although fused bimetallic porphyrin architectures have been investigated for
applications in optics, molecular wires, and organic conducting materials,*%-1% there is a
dearth of reports on the catalytic properties of this class of compounds. It has been
postulated that fused bimetallic porphyrins possess favorable properties for applications
in electrocatalysis, including the ability to 1) store multiple redox equivalents, 2)
delocalize electrons across an extended multi-metallic scaffold, 3) be reduced as well as
oxidized at significantly less applied bias potentials compared to those required for
analogous non-fused porphyrins, and 4) provide an alternative strategy, compared to the
use of electron-withdrawing or electron-donating functional groups, to adjust the redox

properties of molecular catalysts. %162
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1.6 Controlling Multi-Electron and Multi-Proton Reaction Networks
The water-plastoquinone oxidoreductase enzyme, better known as PSII, carries out the
water oxidation reaction, using the energy of four photons to produce one molecular
oxygen, four protons, and two reduced equivalents (quinones) (Equation 1.3a).2%163164
The protons obtained from water splitting contribute to the generation of PMF (the
difference in electrochemical potential of protons across a membrane), which in turn
drives myriad bioenergetic processes including the synthesis of ATP from ADP and
inorganic phosphate.?*3¢1% For the water oxidation reaction, a cluster of chlorophyll a,
collectively denominated P680, is photoexcited, and decays by an initial electron-transfer
to the quinone cofactors Qa and Qg, generating P680°". This oxidized species is then
reduced by a tyrosine residue (Tyrz) which loses its phenolic proton to a nearby histidine
(His190), forming a neutral tyrosine radical (electrochemically poised at 0.9-1.0 V vs
SCE). After this PCET reaction, the radical removes one electron from the OEC, and
after four of these light-induced charge separations, OEC oxidizes two water molecules
and returns to its initial oxidation state.'®® The Tyr,-His190 pair appear fundamental to
many biological energy transduction systems.40-42:167.168 Beyond the single proton transfer
just described, it has been postulated that a series of proton transfers can be associated
with the oxidation of the phenol in the form of networks of hydrogen-bonded polar
residues and water molecules, where protons can diffuse by a Grotthuss-type mechanism
spanning the ~20 A distance between the OEC and the lumen,165:169.170

In order to understand the functional principles of this sophisticated mechanism,
different bioinspired artificial models involving phenol-based moieties have been
extensively studied.*®114171-1% particularly, benzimidazole-phenol (BIP) dyads (where
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the benzimidazole models the His190 and the phenol models the Tyr;) provides a
minimalist construct demonstrating PCET 49:114174.181-187.190-196 The synthetic control of
the benzimidazole’s substituents, serving as terminal proton acceptors (TPA), allows to
stimulate the hydrogen bond network and regulate multiple proton transfers upon a
phenol oxidation,18-187.190.191,194-196 A g example, the reversible movement of up to four
protons was demonstrated, spanning a space of ~16 A.*8" In another work, depending on
the pKa of the TPA moiety, the proton translocation was limited to E1IPT even when the
system was designed to do E2PT.*®® Additionally, the P680 can also be included into the
model by incorporating photosensitizers such as porphyrins or organometallic
CompIexes.49'114'181‘184'186’192'193'195'196
Controlling the movement of electrons and protons is a fundamental tool for the
development of better artificial bioinspired proton wires and energy coupling membranes,
capable of performing a range of bioenergetic processes observed in nature. With this
basic knowledge, natural photosynthesis can be re-imagined, re-engineered, improved,
and ultimately, applied towards a more sustainable energy industry.
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CHAPTER 2

SIX-ELECTRON CHEMISTRY OF A BINUCLEAR IRON(IIT) FUSED PORPHYRIN

Portions of this chapter are excerpted and reprinted with permission from:

Reyes Cruz, E. A.; Nishiori, D.; Wadsworth, B. L.; Khusnutdinova, D.; Karcher, T.;
Landrot, G.; Lasalle-Kaiser, B.; Moore, G. F. Six-Electron Chemistry of a Binuclear
Fe(111) Fused Porphyrin. ChemElectroChem, 2021, 8 (19), 3614-3620.

Copyright 2021 Wiley-VCH GmbH.
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2.1 Introduction

Monometallic porphyrins are relatively well-studied electrocatalysts for the HER, oxygen
reduction (ORR), and CO2RR.} This includes pioneering work by Savéant* and
coworkers on the use of iron porphyrins for CO,RR>® and HER.® In these studies,
structural modification of the phenyl substituents at the periphery of the porphyrin
ring,%2 to include groups such as dihydroxyphenyl,** pentafluorophenyl,**
trimethylanilinium,* or sulfonatophenyl,'® have enabled an improved understanding of
mechanistic details governing the electrocatalytic performance of these assemblies.!” In
addition, the benchmarking of both homogeneous'®® and heterogeneous? catalysts via
Tafel plots?! and/or foot-of-the-wave analysis have established approaches for comparing
intrinsic catalytic properties that are independent of the characteristics of an
electrochemical cell.

Since their serendipitous discovery by Sugiura and Sakata,?> multinuclear fused
porphyrins have also been fairly well studied due, in part, to the unique optical properties
resulting from their extended aromaticity. They have been used in applications involving
non-linear optic materials, molecular wires, and supramolecular chemistry.?324
Nonetheless, fused porphyrins, and related porphyrinoids featuring extended aromaticity,
have not been as extensively studied for applications in electrocatalysis.?>?® Further,
although there are reported examples of doubly- and triply-fused dimers, trimers, and
oligomeric porphyrin arrays containing Mg,?’ Co,28 Ni,222%-42 Cy,34-36:38-40.43-47
71,28:30,31,36,38-40,4445,47-57 | 58 pj 29,34-36,38,50 Ag,46 Pb.5 Y 5 and Tb,5 this work
describes analogous multinuclear Fe fused porphyrin complexes, which could be useful
for applications in electrocatalysis.
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In this chapter, the synthesis and electrochemical as well as spectroscopic
characterization of a novel binuclear Fe(l11) fused porphyrin (Fe2FPCI2) (Figure 2.1) is
reported. Ultraviolet-visible spectroscopy confirms the extended electronic structure of
this 36 m-aromatic macrocycle. In addition, Fourier transform infrared spectroscopy
indicates the Fe centers experience a relatively rigid ligand environment as compared to a
structurally related mononuclear complex featuring an 18 w-aromatic porphyrin ligand.
X-ray photoelectron and X-ray absorption near edge spectroscopies confirm the iron
centers of both assemblies are Fe(l11) in the as prepared, resting state. In comparison with
the mononuclear porphyrin, electrochemical measurements show there is a doubling of
the number of redox events associated with the fused, binuclear complex. In summary,
features of the fused-iron-porphyrin include: 1) bimetallic-iron sites, 2) a t-extended
ligand environment capable of delocalizing electrons across the multimetallic scaffold,

and 3) the ability to store up to six electrons.

Fe,FPCl, FeTTPCI

Figure 2.1 Molecular structures of Fe2FPCI: (left) and FeTTPCI (right).
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2.2 Results and Discussion

2.2.1 Materials Preparation

Fe2FPClI2 was prepared via an 8-step synthetic route following the pathway indicated in
Figure 2.2. The monometallic model compound, FeTTPCI (Figure 2.1), was synthesized
following a previously reported method.®° The free-base porphyrin ligands used for
preparing Fe2FPCl2 and FeTTPCI (FP and TTP, respectively) were characterized via
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) (Figure 4.1 and Figure 4.3), as well as ultraviolet-visible (UV-Vis) (Figure 4.5

[o]

|
N
=

(a)

Figure 2.2 Synthetic route for preparing Fe2FPCl2: (a) TFA, 50 °C, 5 min. (b) 1.
BF3-Et,O, CHCI3, rt, 30 min. 2. DDQ, reflux, 1 h. (¢) NBS, Pyridine, CHCIs3, 0 °C, 20
min. (d) p-Tolylboronic acid, KsPOs, Pd(PPhs)s, Tol:H20:Methanol, reflux, overnight. (e)
CuAcz, DCM:Methanol, reflux, overnight. (f) Cu(BF4)2:6H20, MeNO, rt, 2 h. (g)
TFA:H2S04, rt, 20 min. (h) FeCl,-4H,0, DCM:Methanol, reflux, overnight. All reactions
were performed under Ar atmosphere.
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and Figure 4.7), Fourier transform infrared (FTIR) (Figure 4.10 and Figure 4.11), and
Nuclear Magnetic Resonance (NMR) spectroscopies (Figure 4.13 and Figure 4.14).
Successful metal insertion was confirmed using MALDI-TOF spectrometry (Figure 4.2
and Figure 4.4), as well as UV-Vis (Figure 2.3a) and FTIR spectroscopies (Figure 2.3b).
In addition, both X-ray photoelectron spectroscopy (XPS) (Figure 2.4a) and X-ray
absorption near-edge spectroscopy (XANES) (Figure 2.4b) indicate a +3 oxidation state
of the Fe centers in both Fe2FPCI2 and FeTTPCI.

2.2.2 UV-Vis-NIR and FTIR Characterization

Unlike the electronic absorption spectrum of FeTTPCI shown in Figure 2.3a and
recorded in N,N-dimethylformamide (DMF), which displays a single Soret-band
transition centered at 418 nm and three Q-band transitions centered at 510 nm, 573 nm,

and 695 nm, the spectrum of Fe2FPCI2 in DMF displays two Soret-like absorption bands
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Figure 2.3 (a) Normalized absorption spectra of Fe2FPCI: (red) and FeTTPCI (blue)
recorded in DMF. (b) Normalized FTIR transmission spectra of Fe2FPCI: (red) and

FeTTPCI (blue) recorded in pressed KBr pellets.

centered at 380 nm and 513 nm, as well as a Q-type absorption feature at 901 nm (Figure
2.3a). The relatively red absorption features associated with Fe2FPCI2 versus FeTTPCI
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are consistent with the extended aromaticity of the fused architecture (i.e., a 36 n-
aromatic ligand versus an 18 w-aromatic ligand). Absorption spectra recorded in
dichloromethane (CH2Clz), benzonitrile (CéHsCN), and butyronitrile (CsH7CN), along
with information on the wavelengths of the Soret and Q-type absorption bands, are
included in Chapter 4.2 (Figure 4.6, Figure 4.8, Table 4.1 and Table 4.2).

FTIR data collected using a matrix of KBr containing either FeTTPCI or Fe2FPClI2
show distinct transmission bands centered at 999 cm™ and 1001 cm?, respectively
(Figure 2.3b). These bands are assigned to an in-plane porphyrin deformation vibration
(vre-N, where v is the vibrational frequency). In general, this vibrational mode is sensitive
to both the elemental nature of the porphyrin metal center and its local coordination
environment.®1-%* For these reasons, in-plane porphyrin deformation vibrations have been
used as diagnostic signals for indicating the presence of metalloporphyrins on surfaces
and gaining information on their local chemical environments.?>6985-68 The difference in
vreN frequencies of FeTTPCI and Fe2FPClI2 suggests the fused complex provides a more
rigid ligand motif. Similar observations have been noted in comparisons of FTIR spectra
collected using bimetallic copper fused porphyrins versus analogous monometallic
copper porphyrins (Figure 4.12).%

2.2.3 XP and XANE Spectroscopy Studies

High resolution Fe core level XP spectra collected using either samples of the fused or
monomeric complexes display peaks centered at 709.8 eV (2ps12) and 723.3 eV (2p1r2) in
the case of Fe2FPCIz, and peaks centered at 709.8 eV (2ps12) and 724.4 eV (2p1r2) in the
case of FeTTPCI (Figure 2.4a). These results are consistent with Fe(l11) oxidation states

for the metal centers of these overall charge neutral complexes, where Fe2FPCI2 features
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Figure 2.4 (a) High energy resolution core level XP spectra of the Fe 2p region recorded
using samples of Fe2FPCI2 (red) or FeTTPCI (blue) dropcasted onto a glassy carbon
disk. The solid black lines are the component fits. (b) XANES spectra at the Fe K-edge of

Fe2FPCI2 (red) and FeTTPCI (blue).

two anionic (X-type) chloride ligands, four anionic (X-type) nitrogen ligand sites, and
four charge-neutral (L-type) nitrogen ligand sites, whereas FeTTPCI features one anionic
(X-type) chloride ligand, two anionic (X-type) nitrogen ligand sites, and two charge-
neutral (L-type) nitrogen ligand sites. In addition, XANES indicates similar edge energies
for the fused and non-fused complexes (Figure 2.4b), with values that are intermediate to
those recorded using FeCl (Fe'") and Fe;O3 (Fe'"") as reference compounds (Figure 4.15).
The positions of the main and pre-edge features recorded using samples of Fe2FPClI2
match those previously reported for Fe(l11) tetraphenyl porphyrin.®® However, in the case
of the fused complex, the pre-edge region displays a higher intensity peak, indicating a
slightly more distorted geometry around the iron centers of Fe2FPCl.™

2.2.4 Electrochemical Studies

In this work we describe the redox states of the binuclear Fe fused porphyrin and the
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structurally related mononuclear complex using the monikers [Fe2FP]" and [FeTTP]"
respectively, where n gives information on the relative number of electrons transferred to
or from the charge neutral [Fe2FP]° or [FeTTP]° metalloporphyrin complexes.
Electrochemical potentials associated with the interconversion between the [Fe2FP]?
through [Fe2FP]* redox states were determined using both cyclic voltammetry and
differential pulse voltammetry (Figure 2.5). Related measurements using [FeTTP]CI and
involving the interconversion between the [FeTTP]** through [FeTTP]? redox states,
are included for comparison.

Voltammograms recorded using Fe2FPCI2 (1.0 mM) dissolved in 0.1 M

tetrabutylammonium hexafluorophosphate (TBAPFg) in DMF, indicate a pair of
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Figure 2.5 (a) Cyclic voltammograms of 1.0 mM Fe2FPCI2 (red) and FeTTPCI (blue)
recorded in a 0.1 M TBAPF¢ DMF solution under argon at a scan rate of 250 mV s, (b)
Differential pulse voltammetry data of the same solutions recorded with a pulse height of
2.5 mV, a pulse width of 100 ms, a step height of -5 mV, and a step time of 500 ms. All
measurements were recorded using a 3 mm diameter glassy carbon WE at room
temperature and the ferrocenium/ferrocene redox couple as an internal reference.
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overlapping redox features appearing between the range of -0.50 and -0.80 V versus the
ferrocenium/ferrocene (V vs Fc*/Fc) redox couple. These features are assigned to a pair
of chemically and electrochemically irreversible couples, where the chemical
irreversibility is likely due to loss of X-type chloride ligands following reduction of the
porphyrin complexes.’"? In addition, two pairs of quasi-reversible redox couples are
observed at more negative potentials with midpoint potentials (E1) equal to -1.21, -1.46,
-2.11, and -2.40 V vs Fc*/Fc, respectively (where "E1, is estimated as the average of
anodic and cathodic peak potentials for a given quasi-reversible redox couple and "'Ex,
VE 12, VE1r, and V'E1, are reported as reduction half reactions by convention)” (Figure
2.5a). For comparison, when measured under otherwise similar experimental conditions,
cyclic voltammograms recorded using FeTTPCI display one non-reversible redox feature
appearing between the range of -0.50 and -0.80 V vs Fc*/Fc, as well as two quasi-
reversible redox couples with midpoint potentials ("E12 and "'E1/2) equal to -1.53 V vs
Fc*/Fc and -2.18 V vs Fc*/Fc respectively (Figure 2.5a).

The midpoint potentials, and peak potentials in the case of non-reversible redox
features, recorded using Fe2FPCI2 or FeTTPCI in DMF are summarized in Table 2.1 and
Table 2.2. Table 4.3 includes cathodic peak potentials determined using differential pulse
voltammetry (Figure 2.5b), which enables resolution of the overlapping redox waves
associated with the conversion of [Fe2FP]?* to [Fe2FP]** and [Fe2FP]** to [Fe2FP]°. The
height of the peaks corresponding to reductions from [Fe2FP]° to [Fe2FP]* are
approximately equal in value (Figure 2.5b), consistent with each reduction process being
attributed to one-electron chemistry. The slightly lower peak height (~90 % lower) for the
peaks corresponding to reductions from [Fe2FP]?* to [Fe2FP]° are attributed to sluggish

44



heterogeneous electron-transfer kinetics (electrochemical irreversibility) and/or
dissociation of CI" ligands following the reduction of iron centers (chemical
irreversibility), both of which could result in a larger peak width and lower peak
intensity.”* Cyclic voltammograms recorded in other solvents, including CH2Cls,
CeHsCN, and C3H7CN, along with information on the related midpoint and peak

potentials, are included in Figure 2.6, Table 2.1, and Table 2.2.

E (V vs SCE) E (V vs SCE)
-2.'0 -1.'5 -1.'0 '0,'5 0;0 0:5 ; -2.'0 -1.'5 -1.'0 -0|.5 0:0 0:5

0 T T T T T T
25 -20 15 -1.0 -05 0.0
E (V vs Fc*/Fc) E (V vs Fc'/Fe)
Figure 2.6 (a) Cyclic voltammograms recorded using Fe2FPCI2 (1 mM) and TBAPF¢ (0.1

25 20 -15 -1.0 05 0.0

M) dissolved in C3H7CN (green), CH2Cl> (blue), DMF (black), or CeHsCN (red) solution
under argon at a scan rate of 250 mV s, (b) Cyclic voltammograms recorded using
FeTTPCI (1 mM) and TBAPFs (0.1 M) dissolved in CsH7CN (green), CH2Cl: (blue),
DMF (black), or C¢HsCN (red) solution under argon at a scan rate of 250 mV s, All
voltammograms were recorded using a 3 mm diameter glassy carbon WE at room

temperature and the ferrocenium/ferrocene redox couple as an internal reference.
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Table 2.2 Midpoint potentials ("E12) of FeTTPCI as determined by cyclic voltammetry
and reported as reduction half-reactions by convention. Peak-to-peak separations (AEy)
are reported in parentheses. All voltammograms were collected under argon and at room
temperature using a 3 mm diameter glassy carbon WE immersed in solutions containing
1 mM porphyrin and 0.1 M TBAPFg in C3H7CN, CH2Cl2, DMF, or C¢HsCN. In all of

these experiments, the ferrocenium/ferrocene redox couple was used as an internal

reference.

CsH/CN -2.217 (89) -1.54% (89) -0.787 (92)

CH:Cl, - -1.572 (140) -0.71° / -0.86°
DMF -2.182 (87) -1.532 (80) -0.56° / -0.73¢

CeHsCN - -1.60% (110) -0.40°, -0.72° / -0.84¢

& E = Ey,; electrochemically reversible or quasi-reversible.
b E = anodic peak potential; electrochemically irreversible.

¢ E = cathodic peak potential; electrochemically irreversible.

2.2.5 UV-Vis-NIR-SEC and IR-SEC Measurements

Differentiating ligand-based versus metal-centered redox processes can be challenging
and redox processes involving metalloporphyrins have been ascribed to both innocent
and non-innocent (i.e., guilty) ligand chemistry.”8 Thus, generalized predictions

regarding their reactivities should be approached cautiously. Nonetheless, UV-Vis-near
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infrared spectroelectrochemistry (UV-Vis-NIR-SEC) and infrared
spectroelectrochemistry (IR-SEC) enable comparisons of the changes in electronic and
vibrational structure following reduction of the fused Fe(l11) porphyrin macrocycles
described in this report and their model monomeric analogs.

UV-Vis-NIR-SEC measurements recorded using Fe2FPClI2 in DMF (0.05 mM) indicate
the two-electron reduction of [Fe2FP]?*, to form [Fe2FP]°, gives rise to a
bathochromically-shifted, Soret-like absorption band centered at 430 nm as well as two
other secondary Soret-like bands centered at 499 nm and 545 nm, and a
hypsochromically-shifted Q-like band centered at 809 nm (Figure 2.7a). Under the
conditions used in this experiment, spectrum associated with the one-electron reduction
of [Fe2FP]?* to form [Fe2FP]** was not resolved. Polarizing the working electrode (WE)
to more negative potentials gives rise to further spectroscopic transitions that are assigned
to reduction of [Fe2FP]° to form [Fe2FP]* (Figure 2.7b), whereupon the Soret-like band
at 430 nm decreases in intensity, the secondary Soret-like bands at 499 nm and 545 nm
are replaced by a broad absorption feature, and the Q-like band centered at 809 nm is
replaced by a Q-like band centered at ~880 nm. Further reduction to form [Fe2FP]*
results in the appearance of a bathochromically-shifted, Soret-like band at 439 nm, the
growth of a new secondary Soret-like band at 594 nm, and an increase in the intensity of
the Q-like band centered at ~880 nm (Figure 2.7b). The reduction of [Fe2FP]? to form
[Fe2FP]* shows a loss of the secondary Soret-like band at 594 nm, the rise of a new
secondary Soret-like band at 562 nm, and a decrease in the intensity of the Q-like band at
~880 nm (Figure 2.7¢). Finally, the conversion of [Fe2FP]* to [Fe2FP]* is associated
with a loss of the secondary Soret-like absorption at 562 nm, and an increase in the
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Figure 2.7 UV-Vis-NIR absorption spectra of (a-c) Fe2FPCI2 (0.05 mM) recorded in a

0.1 M TBAPFs DMF solution polarized at potentials to generate [Fe2FP]?> (red),
[Fe2FP]° (black), [Fe2FP]* (maroon), [Fe2FP]? (green), [Fe2FP]* (orange), and
[Fe2FP]* (purple) as well as spectra of (d-f) FeTTPCI (0.05 mM) recorded in a 0.1 M
TBAPFs DMF solution polarized at potentials to generate [FeTTP]** (blue), [FeTTP]°

(black), [FETTP]* (green), and [FeTTP]? (purple).
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intensity of the Soret-like band at 438 nm (Figure 2.7c). The presence of well-defined
isosbestic points at 369 nm, 447 nm, 474 nm, and 577 nm during the conversion of
[Fe2FP]° to [Fe2FP]*, 400 nm and 567 nm for the conversion of [Fe2FP]*" to [Fe2FP]?,
575 nm, 658 nm, and 774 nm for the conversion of [Fe2FP]? to [Fe2FP]*, as well as at
524 nm and 641 nm for the conversion of [Fe2FP]* to [Fe2FP]*, are consistent with
relatively stable conversion from one redox state to the next without the formation of
intermediates or decomposition products.

UV-Vis-NIR-SEC data collected using FeTTPCI in DMF (0.05 mM) show the one-
electron reduction of [FeTTP]** to form [FeTTP]° results in a loss of the Soret-band and
the rise of a bathochromically-shifted Soret-band centered at 433 nm (Figure 2.7d).
Further reduction from [FeTTP]° to form [FeTTP]* results in in a decreased intensity of
the Soret-band at 433 nm and the appearance of new bands at 428 nm and 394 nm
(Figure 2.7¢). Finally, the conversion of [FeTTP]* to [FeTTP]? results in the loss of the
bands at 394 nm and 428 nm, and the rise of two new absorption bands at365 nm and 436
nm (Figure 2.7f). These experiments were performed over the same range of potentials
that were used to collect the UV-Vis-NIR-SEC data for Fe2FPCI2 and show relatively
clean spectroscopic transitions associated with the [FeTTP]?*/[FeTTP]*",
[FETTP]**/[FeTTP]°, and [FeTTP]%[FeTTP]* redox couples. The presence of well-
defined isosbestic points at 418 nm and 450 nm during the conversion of [FeTTP]** to
[FeETTP]®, 421 nm and 445 nm during the conversion of [FeTTP]° to [FeTTP]*, as well
as at 380 nm during the conversion of [FeTTP]* to form [FeTTP]?, are consistent with
stable conversion from one redox state to the next without the formation of intermediates
or decomposition products. To better observe the spectroscopic changes in the Q-band
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region, experiments were also recorded using higher concentrations of FeTTPCI (0.25
mM) (Figure 4.9).

IR-SEC measurements recorded using Fe2FPCI2 or FeTTPCI in DMF (1.0 mM or
0.4 mM, respectively) show that upon reduction of these complexes there are distinct
changes in the frequency range characteristic of in-plane iron porphyrin deformation
vibrations. The two-electron reduction of [Fe2FP]?* to form [Fe2FP]° gives rise to a
relatively broad band centered at 1000 cm™ (Figure 2.8a). As in the case of the UV-Vis-
NIR-SEC experiments, a spectrum for the one-electron reduction from [Fe2FP]?* to
[Fe2FP]** was not resolved under the conditions used in these IR-SEC experiments.
Further reduction, to form [Fez2FP]*", gives rise to new bands centered at 1007 cm™ and
993 cm't, and the reduction of [Fe2FP]*" to form [Fe2FP]? results in a loss of the band at
993 cm* and an increase in the band at 1007 cm™ (Figure 2.8b). Finally, the reduction of
[Fe2FP]? to form [Fe2FP]* shows a decrease in the intensity of the band centered at
1007 cmt, along with an increase of a broad band centered at 993 cm™ (Figure 2.8c).
Further reduction, to obtain spectra associated with formation of [Fe2FP]*, was not
detected using the IR-SEC cell configuration for these experiments.

In the case of IR-SEC measurements recorded using FeTTPCI, one-electron
reduction to form [FeTTP]C results in a shift of vee.n from 999 cm™ to 991 cm™ (Av1=8
cm™) (Figure 2.8d), while further reduction from [FeTTP]° to [FeTTP]* yields further
displacement from 991 cm™ to 985 cm™ (Av2=6 cm™) (Figure 2.8e). Further reduction, to
obtain spectra associated with formation of [FeTTP]%, was not detected using the cell

configuration for these experiments.
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Figure 2.8 FTIR absorption spectra of (a-c) Fe2FPCI2 (1.0 mM) recorded ina 0.1 M

TBAPFs DMF solution polarized at potentials to generate [Fe2FP]?* (red), [Fe2FP]°
(black), [Fe2FP]* (maroon), [Fe2FP]? (green), and [Fe2FP]* (orange), as well as spectra
of (d-e) FeTTPCI (0.4 mM) recorded in a 0.1 M TBAPFs DMF solution polarized at

potentials to generate [FeTTP]** (blue), [FeTTP]° (black), and [FeTTP]* (green).
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2.3 Conclusions

The synthesis and characterization of a novel binuclear Fe(l11) fused porphyrin is

reported. The fused-iron-porphyrin assembly described in this chapter features: 1)

bimetallic-iron sites, 2) a more rigid, n-extended ligand environment capable of

delocalizing electrons across the multimetallic scaffold, and 3) the ability to store up to

six electrons. These properties provide an alternative but complementary approach to the

use of extended coordination spheres and the use of electron-withdrawing or -donating

groups to modulate the redox potential of the metal center within the electrocatalytic

complex, and ultimately could prove promising in the context of catalyzing multielectron,

multisubstrate redox reactions.
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CHAPTER 3
PROTON-COUPLED ELECTRON TRANSFERS IN GROTHUSS-TYPE PROTON

WIRES

Portions of this chapter are excerpted and reprinted with permission from:

Arsenault, E. A.; Guerra, W. D.; Shee, J.; Reyes Cruz, E. A.; Yoneda, Y.; Wadsworth, B.
L.; Odella, E.; Urrutia, M. N.; Kodis, G.; Moore, G. F.; Head-Gordon, M.; Moore, A. L.;
Moore, T. A.; Fleming, G. R. Concerted Electron-Nuclear Motion in Proton-Coupled
Electron Transfer-Driven Grotthuss-Type Proton Translocation. J. Phys. Chem. Lett.,

2022, 13 (20): 4479-4485.

and

Odella, E.; Secor, M.; Reyes Cruz, E. A.; Guerra, W. D.; Urrutia, M. N.; Liddell, P. A,;
Moore, T. A.; Moore, G. F.; Hammes-Schiffer, S.; Moore, A. L. Managing the Redox
Potential of PCET in Grotthuss-Type Proton Wires. J. Am. Chem. Soc., 2022, 144 (34):

15672-15679.
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Contributions to this work included performing spectroelectrochemical experiments.
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3.1 Introduction
Reversibly coupling the electrochemical potential of redox reactions to the generation of
PMF is the central principle of bioenergetics in all living organisms.* Among a variety of
mechanisms for generating PMF, two fundamental processes may be used in series. First,
redox reactions involving protons may use PCET processes, which, in addition to
providing kinetically efficient, low activation energy reaction pathways for protons and
electrons, provides a thermodynamically efficient mechanism for coupling
electrochemical potential to proton activity.>* Second, a further elaboration of the PCET
process by coupling it to Grotthuss-type proton translocations can provide an efficient
mechanism for the transfer of protons over nanoscale distances as part of the process to
generate PMF across energy-coupling biological membranes. Examples of PCET can be
found in a wide range of biochemical reactions and Grotthuss-type processes have been
suggested as mechanisms for proton transfer in many biological systems.? 4

A detailed understanding of how nature accomplishes the efficient conversion of
redox potential to PMF via PCET and a Grotthuss-type process is necessary for it to be
adapted to reengineered photosynthesis for improved yields.*>1” Further, proton control
is technologically important for improvements in a wide variety of catalysts.*®°
Grotthuss-type processes have also been identified as key to extremely high
charge/discharge rates in proton batteries.?® As the full range of proton-based energy-
linked processes in biology becomes better understood, and biomimicry becomes more
influential in technology, the value of exchanging chemical potential between redox
potential and PMF is likely to also find its way into technological applications—enabling

cleaner and more efficient processes.
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3.1.1 Monitoring PCET Via 2DEV Spectroscopy

Synchronizing the ensemble by ultrafast optical triggering and simultaneously observing
the vibrational markers for electrons and proton transfer has the potential to provide new
insight into the coupling of PCET and Grotthuss-type processes. Recently, a photodriven
PCET was investigated in a biomimetic model system with the emerging two-
dimensional electronic-vibrational (2DEV) spectroscopic technique?>?? and electronic
structure calculations in which electron and proton transfer were found to occur on a 120
fs time scale accompanied by substantial inner sphere reorganization.?® In that system, a
nonequilibrium PCET pathway was observed and found to correspond to the evolution
from the photoexcited, partly charge transferred state to the fully charge separated state
accompanied via nuclear rearrangement and solvation. Because the nonequilibrium
pathway proceeded without a barrier, it was possible to dynamically track the evolution
of the reaction (with the presence of a barrier, only the initial and final states would be
significantly populated).

3.2 Results and Discussion: Photoinduced Electron-coupled Proton Transfer in a
BIP-Porphyrin Dyad

A more complicated system was investigated, in which a similar photodriven PCET
process is coupled to a Grotthuss-type proton wire so that a second proton translocation
occurs and could be characterized dynamically. The construct is porphyrin-BIP-pyridine
(PF15-BIP-Pyr, Figure 3.1). Upon photoexcitation of the porphyrin moiety, ET from the
phenol to the porphyrin is coupled to both proton transfer from the phenolic proton to
benzimidazole and proton transfer from benzimidazole to pyridine (Figure 3.1) leading to
the formation of a one-electron, two-proton transfer (E2PT) product. The application of

63



Figure 3.1 Molecular structure of the photoinduced proton wire (PF1s-BIP-Pyr). The red
arrows indicate the double proton transfer (2PT) and the blue arrow indicates the electron

transfer (ET) following photoexcitation (hv).

2DEV spectroscopy is leveraged in order to elucidate the coupled PCET and Grotthuss-
type dynamics leading to the formation of the E2PT product. The results focus
exclusively on the nonequilibrium pathway and find that the proton translocations are
facilitated by a low frequency vibration of the BIP-Pyr moiety as supported by a recent
theoretical investigation.?* In addition, the presence of the low frequency modulation
allows for a comparison of the phase associated with the spectroscopic signatures
tracking electron and proton transfer and provides evidence that E2PT product formation
is a concerted process. 2DEV spectroscopy also allows for the correlation between the
electronic and nuclear degrees of freedom to be followed directly and is therefore highly
sensitive to electronic-vibrational (vibronic) mixing, which is found to play a significant

role in the dynamics of this proton wire.
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3.2.1 IR-SEC Studies

Steady state IR-SEC measurements were performed to examine changes in the IR spectra
due to oxidation and reduction of the system (Figure 3.2) and to facilitate assignments in
the 2DEV spectra discussed below. Upon oxidation, new bands at 1636, 1614, and 1535
cm™ appeared (Figure 3.2a). These frequencies are similar to those observed in
pyridinium salts, CsHsNH™* (1635, 1610 c¢m, and 1535 cm™), and are assigned to the
PyrH* ring stretching modes.?>2® Therefore, these bands serve as markers for double
proton transfer (2PT). Upon reduction (Figure 3.2b), a band at 1593 cm™ emerges, which
is assigned to the formation of a porphyrin anion as observed in previous studies.?®>?” This
band then serves to track ET. The oxidative IR-SEC measurements indicate the location
of the translocated protons in the E2PT product, and the reductive IR-SEC measurements

identify the porphyrin anion radical in the E2PT product.
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Figure 3.2 IR-SEC spectra of PFis-BIP-Pyr upon (a) oxidation and (b) reduction. The
black curves show the neutral species and colored curves show oxidized (red) and reduced

species (blue). Spectra were recorded in dry deuterated acetonitrile solution with 0.1 M

TBAPFs.
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The Eu2 for the PF15-BIP-Pyr*/PFis-BIP-Pyr and PFis-BIP-Pyr/PF1s-BIP-Pyr
redox couples were estimated to be +0.85 and -0.83 V versus the standard calomel
electrode (SCE), respectively, by cyclic voltammetry measurements (Figure 4.16). The E1/2
of a reference compound which can only undergo one electron, one proton transfer (ELPT)
(BIP-Pyr*/BIP-Pyr) was measured to be 1.01 versus SCE.?®
3.2.2 2DEV Studies

Briefly, in a 2DEV experiment, visible excitation pulses prepare an ensemble of
electronic/vibronic states that evolve as a function of waiting time, t, which are tracked via
an IR detection pulse (see Chapter 4.3 for experimental details). The resulting spectra,
collected by collaborators from University of California at Berkeley, are then presented as
(visible) excitation frequency-(IR) detection frequency correlation plots at given waiting
times, allowing for the correlation between electronic and vibrational degrees of freedom
to be followed directly. This correlation can be quantitatively described by the center line
slope (CLS) of the spectra features, which is related to a cross correlation of vibrational
and electronic dipoles.?*?° As a result, this quantity is highly sensitive to both dynamical
changes in the electronic structure and the mixing of vibronic states.?*30-32

Figure 3.3 shows representative 2DEV spectra for PF1s-BIP-Pyr. Immediately after
photoexcitation, ground state bleach features were observed at 1505, 1524, 1537, and
1564 cm®, while photoinduced absorption (PIA) features were observed at 1514, 1530,
1544, 1586, 1604, 1627, 1648, 1665, 1682, and 1694 cm™. Below ~1540 cm™, the
observed spectral features reflect those of PF15.22 However, distinct bands at 1586, 1604,
and 1627 cm™ were observed in the 2DEV spectra of this species, PF1s-BIP-Pyr, and are
ascribed to ET (1586 cm™) and 2PT (1604 cm™ and 1627 cm™) based on the IR-SEC
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Figure 3.3 (a)-(d) 2DEV spectra of PF1s-BIP-Pyr in deuterated acetonitrile at t = 150 fs,
200 fs, 300 fs, and 500 fs, respectively. Positive signals (red/yellow contours) indicate
ground state bleaches and negative signals (blue contours) represent photoinduced
absorptions (P1As). Contour levels are drawn in 5% intervals. Arrows indicate the main
PIA features of interest at 1586 cm™ (ET, blue), 1604 cm™ (2PT, pink), and 1627 cm*

(2PT, red), respectively.

measurements, indicating the formation of the E2PT product following photoexcitation.
Additional PIAs were observed at >1630 cm™ and are very likely related to the E2PT
product based on similarities in the observed dynamics. Although only slight spectral
evolution was observed in this region in the IR-SEC measurements (Figure 3.2), the
E2PT product in the 2DEV measurements is formed on the excited state potential surface,

so a complete agreement in the signals independently observed on each experiments is
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not expected. The dynamics of the features at 1586, 1604, and 1627 cm™, corresponding
to the most significant changes in the IR-SEC measurements, will be the focus for the
remainder of the discussion. It is noted that the observed appearance of these bands
within ~90 fs (the instrument response function) suggests, based on the free energy
difference between E1PT and E2PT products (more driving force for E2PT by ~160
meV), that the E1PT is only transiently formed (<90 fs), if at all. As it will be shown,
analysis of the 2DEV spectral dynamics reveals that it is very unlikely the E1PT product
is ever formed.

To understand the dynamics of the ultrafast, nonequilibrium formation of the E2PT
product, the following analysis can be made: the excitation frequency (wexc.) peak evolution
at specific detection frequencies corresponding to either the 2PT or ET signals (Figure 3.4a,
Figure 4.18 for raw data). It is found that the wexc. peak evolution for these features exhibits
significant changes within the first few hundred femtoseconds (Figure 3.4a). This is in stark
contrast to features that are specific to PF1s (1505 and 1514 cm™),% not relevant to the
E2PT product, which do not show any dynamics along wexc. during the waiting time (Figure
4.18 and Figure 4.19). The evolution of the 2PT and ET signals, however, is striking in that
the wexc. peak evolution appears to undergo a ~200 cm™ blue-shift (from ~1.72 x 10* cm™
to values under ~1.70 x 10* cm™), contradictory to the expected energetic relaxation from
the Franck-Condon region due to either electronic or solvent rearrangement. The observed
dynamics can be rationalized by viewing the observed wexc. peak evolution not as a
blueshift but rather as the result of a modulation by a low frequency vibrational mode. This
is reminiscent of a previous 2DEV study which revealed that a low-frequency vibrational
mode can influence the wexc. peak evolution if it is coupled to both the excited electronic
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Figure 3.4 (a) wexc. peak evolution of PF1s-BIP-Pyr at 1586 cm™ (ET, blue), 1604 cm?

(2PT, pink), and 1627 cm™ (2PT, red). Solid black lines indicate the fit results (listed in
Table 3.1). (b) Center line slope (CLS) dynamics of PFis-BIP-Pyr at 1586 cm™ (ET,
blue), 1604 cm™ (2PT, pink), and 1627 cm™ (2PT, red). Solid black lines indicate the fit
results (listed in Table 3.2). In panels a and b, the time range in which visible and IR

pulses overlap, <90 fs, is indicated by the shaded area.

state and the probed vibrational mode.®® Indeed, it is found here that the dynamics of the
wexc. peak evolution fit well and consistently to a damped cosine function (results shown
in Table 3.1) and not to a mono- or bi-exponential function. From Table 3.1, it is apparent
that the three bands yield nearly identical fits, where the average values for the frequency
and damping time of this low-frequency mode were found to be 55 + 2 cm™ and 112 + 12
fs, respectively.

In a first-principles molecular dynamics study of the nonequilibrium PCET dynamics
of a BIP construct by Goings and Hammes-Schiffer, the vibrational modes most crucial to
the proton transfer process were predicted.?* In particular, a slow bending mode in the plane
of the BIP subunit, found to dominate the inner sphere reorganization, was identified as the
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Table 3.1 Parameters from fit of wexc. peak evolution (see Figure 3.4a) to damped cosine

function (f= A4, + 4, cos (w, t+¢)) e,

Ao A1 w1 (cm™) o (deg) 71 (fs)
1586 cm™ (ET) 17090 675 56+ 3 577 140 + 30
1604 cm™ (2PT) 17127 1121 515 574 86 + 15
1627 cm™ (2PT) 17068 923 582 49+3 110 + 13

most important vibration for facilitating proton transfer. For the BIP-Pyr species (the one
under investigation here but without the PF1s group), the frequency of this vibrational mode
was determined to be 45 cm™, specifically corresponding to an in-plane bending motion
that modulates the PT distances following oxidation. Despite the fact that the present
investigation features the inclusion of a photoactive, electron accepting PF1s group and is
in solution rather than in the gas phase, the presence of a low frequency vibration with a
similar frequency, 55 = 2 cm™, is nevertheless identified in the dynamics of the
nonequilibrium PCET pathway. Therefore the observed vibration is assigned as an in-plane
bend localized on the BIP-Pyr which, when damped, promotes 2PT (where it is noted that
the localized character of this mode is further supported by the lack of any wexc. peak
evolution displayed by modes specific to the PF1s moiety as discussed above and shown in
Figure 4.19 and Figure 4.20). It is emphasized that the 55 cm™ mode specifically promotes
the formation of the E2PT product (i.e., involves double proton translocation), which
suggests that the E1IPT product is not formed or at most transiently populated during the
reaction.

An additional important distinction to note between the previous theoretical study and
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this experimental work involves the ET process. In the work of Goings and Hammes-
Schiffer, the oxidation process was treated by instantaneously removing an electron from
the system. However, in the photoactive E2PT species investigated here, the
nonequilibrium pathway does not wundergo instantaneous ET. Rather, initial
photoexcitation corresponds to a © to ©* electronic transition on the porphyrin, followed
by an ultrafast, nonequilibrium evolution of protons and electron density giving rise to the
E2PT process. It is also found experimentally that both the ET and 2PT features are
modulated by the low-frequency mode. In fact, the frequencies and phase shifts extracted
from the fit to a damped oscillator are nearly identical (Table 3.1). The agreement in the
phase shift in particular constitutes strong evidence that the transfers of the electron and
two protons are concerted, even on ultrafast timescales. In addition, the error in the phase
shifts can be used to estimate the degree of concertedness of the E2PT product formation.
On the basis of the average frequency of the low-frequency mode, 55 + 2 cm™, and the
largest error in the phase, = 7°, we can estimate that the error in the delay between the ET
and 2PT features is ~24 fs, which is interpreted to mean that the ultrafast motion of the
electron and two protons is concerted within an uncertainty of ~24 fs.

Turning to the CLS, it is possible to understand how the coupling of this vibration to
the PET state gives rise to vibronic mixing and influences the correlation between the
electronic and vibrational degrees of freedom that are directly interrogated. Figure 3.4b
shows the CLS dynamics of the ET and 2PT features. The CLS dynamics observed are
strikingly similar to the wexc. peak evolution, notably the modes at 1586 and 1604 cm™.
The discrepancy in the CLS dynamics of the feature at 1627 cm™, which are shown for

completeness in Table 3.2, could be due to differences in the degree of coupling between
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this mode and the low-frequency mode which is known to drastically influence the CLS.*°
Another possibility is that peak overlap from weak positive features just above and below
1627 cm* could obscure the CLS dynamics of this mode. Both of these possibilities are
supported by the fact that there is agreement between the wexc. peak evolution for this
feature and the modes at 1586 and 1604 cm™ (Table 3.1) despite the discrepancy in the
CLS dynamics. Focusing on the modes at 1586 and 1604 cm™, and utilizing a damped
cosine fit function, an average frequency is obtained for the CLS dynamics of 55 + 9 cm!
and damping time of 165 + 60 fs, which are in agreement with the values obtained for the
wexc. peak evolution (see Table 3.2 for complete fit details). This indicates that the same
vibrational mode is driving the CLS as was observed in the wexc. peak evolution. Because
the CLS is related to a cross correlation of electronic and vibrational dipoles, it is possible
to understand the non-zero CLS in this case as arising from vibronic mixing, which

significantly alters the transition moments.?>3 In contrast, the CLS of the bands specific

to PFis (1505 and 1514 cm™),2 which are not relevant to the E2PT product, were

Table 3.2 Parameters from fit of CLS dynamics (see Figure 3.4b) to damped cosine

Ao A1 w1 (cm™) o (deg) 71 (fs)
1586 cm™ (ET) 0.27 0.73 48+ 8 220 £ 10 180 + 50
1604 cm™ (2PT) 0.39 0.61 61+9 210 £ 13 150 £ 70
1627 cm™ (2PT)? 0.11 -0.89 -- -- 50 + 23

2 The CLS dynamics for this mode were unable to be fit to a damped cosine function.
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essentially constant over the observation time window (Figure 4.17). It is concluded that
the ultrafast Grotthuss-type process in this system is driven by highly correlated electronic
and nuclear evolution arising from vibronic mixing.

Interestingly, the CLS dynamics for this species differ significantly from those
observed previously for PF15-BIP (an E1PT only system). In that case, the CLS dynamics
reflected a monotonic rise on a timescale estimated to be 120 fs which was assigned to the
evolution from the Frank-Codon region of the locally excited (LE) state to the minimum
of the E1PT state, accompanied by a twisting of the dihedral angle between BIP and
porphyrin moieties from 60° to 90°.% This dihedral twisting was found to result in an
increase in the electronic dipole moment, which in turn drove the observed rise in the CLS.
To rationalize and gain further insight into the differences in the PCET reaction in PF1s-
BIP versus PF1s-BIP-Pyr, dipole moments of the E2PT state of the latter were calculated
as a function of dihedral angle between BIP and porphyrin moieties over the same range.
One can see that electronic dipole moment again shows a concomitant increase with the
dihedral angle, and reaches a maximum at 90°. However, in addition, near the Franck-
Condon region (i.e., with dihedral angle fixed to that of the ground-state, ~60°), 2PT is
found to correspond to ~80% ET. Thus, the E2PT system has a larger degree of charge
transfer character near the Franck-Condon region compared to that in PF1s-BIP (~50%).2%

The PF15-BIP-Pyr molecule illustrates an optically triggered Grotthus-type
mechanism for the transfer of two protons and one electron. As in the case of one-proton,
one-electron transfers (E1PTs),% it is found here an ultrafast, nonequilibrium channel for
E2PT, enabling the reaction to be followed in real time (cartoon representation shown in
Figure 3.5). No evidence is found for a single proton transfer intermediate, and the
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Figure 3.5 Cartoon schematic of the ultrafast, nonequilibrium dynamics of the Grotthus-
type proton wire as a function of the double proton transfer (2PT) and electron transfer
(ET) coordinates. Following photoexcitation (yellow arrow), the system is led to the
unrelaxed Franck-Condon region where concerted 2PT and ET leads to formation of the
E2PT product on a ~110 fs timescale. The concerted electron-nuclear motion is promoted
by the damping (purple end of the arrow) of a low frequency vibration (green end of the

arrow) localized in the BIP-Pyr moiety.

process is facilitated by a low-frequency mode as suggested by Goings and Hammes-
Schiffer in a recent theoretical study of a related molecule.?* This modulation of the

interproton distances produces a damped cosinusoidal oscillation of the mid-IR modes
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assigned to the 2PT and ET components of the E2PT process, clearly demonstrating the
involvement of vibronic coupling in the dynamics. Fits of the wexc. peak evolution for the
modes tracking 2PT and ET reveal identical (within error) phases for the low frequency
oscillation. This, in turn, enables an estimate of the maximum possible delay between the
ET and 2PT processes, i.e., the degree to which the ET and 2PT processes are concerted.
The error bounds on the phase in Table 3.1 have a maximum value of + 7°, which given
the frequency of ~55 cm?, translates to a maximum delay of ~24 fs between the ET and
2PT processes. A more precise delineation of “concertedness” is likely not warranted
because the electron distribution progressively evolves until it roughly corresponds to one
whole electron transferred to the porphyrin moiety.?® Although not reported at this time,
photochemically driven translocations over nanoscale distances should be possible in
extended versions of this genre of constructs, and further spectroscopic studies are likely
to significantly advance our understanding of the dynamics governing such systems if an
optical trigger can be incorporated.?434+2°

3.3 Results and Discussion: Redox Potential Tuning Of Electron-coupled Proton
Transfers With Electron-withdrawing Groups

There have been reports of the design of a PCET-driven, Grotthuss-type hydrogen-
bonded network that serves as a proton wire and models systems found in nature for
proton transport.?8:3537:3940 However, this model system exposed an unexpectedly strong
dependence of the Ey/» of the redox couple driving the process on the number of
Grotthuss-type proton donor-acceptor units involved in the proton wire. Indeed, the redox
potential driving proton translocation over ~16 A was found to be ~300 mV lower than
the redox potential of the PCET process that initiated the Grotthuss-type process.® This
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loss in redox potential in a model system accompanying Grotthuss-type proton
translocation raises questions fundamental to bioenergetics involving the coupling of
redox processes to proton currents to generate PMF.

Figure 3.6 displays the molecular structures of the proton wires, showing the number
of protons to be transferred upon electrochemical oxidation, i.e., from the simplest case
E1PT (models 1/1"), the intermediate length E2PT (models 2/2'), and the longest proton
wire capable of one-electron, three-proton transfers (E3PT, models 3/3’). Both molecules
3 and 3’ have three distinguishing components: (i, red) a phenol moiety (the oxidation
center) that serves simultaneously as an electron donor and the first proton donor; (ii,
blue) a benzimidazole-based bridge containing two benzimidazoles covalently connected

and electronically linked to act as a proton relay; and (iii, green) a TPA that ends the

R = -H (series 1-3), -CF; (series 1'-3")

® Voo
C H O N

1,1 2, % 3,3
Figure 3.6 Molecular structures of the compounds presented in this work. R = CF3

denotes the series of compounds containing the trifluoromethyl substituent (1'-3'), R =H
denotes the analogous, unsubstituted compounds (1-3). The different components of the
proton wire (color coded) are described for molecules 3/3’: the oxidation center in red,
the benzimidazole-based bridge in blue, the terminal proton acceptor in green, and the
substituted site in yellow.
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proton relay after accepting the final benzimidazole proton. The difference between the
series 1-3 and 1'-3’ is the substituted R-group on the benzimidazole moiety.

The one-electron oxidation of the oxidation center leads to a dramatic decrease in the
phenol pKa (from 10 to -2),>#142 resulting in deprotonation and fast transfer of the
phenolic proton to either the bulk solution or the nearest basic site. In BIP-based systems,
both the spatial proximity of the benzimidazole nitrogen and the strong hydrogen bond
between the phenol oxygen and the benzimidazole nitrogen provide a well-defined,
intramolecular proton transfer coordinate.® This pathway and its connectedness impact
the electrochemical reversibility of the phenoxyl radical/phenol redox couple. The two
tert-butyl groups are strategically placed to impart stability to the phenoxyl radical and
prevent undesired reactions such as dimerization.*®

On the other hand, the TPA is the end point of the series of the proton translocation
steps (for EnPT process with n > 2) initiated upon electrochemical oxidation of the
phenol. Substituents potentially selected as the TPA should satisfy the following
requirements: (a) have sufficiently high pKa, (b) form a strong intramolecular hydrogen
bond with the benzimidazole NH, (c) be electrochemically inactive in the vicinity of the
phenol oxidation potential, (d) be chemically stable during both standard purification
procedures and the required experimental time-scales, and (e) display both detectable and
characteristic spectroscopic signatures once protonated. Substituted pyridines fulfill all
these requirements and allow to spectroscopically monitor the formation of the oxidized
species through the characteristic vibrational modes of the protonated pyridine.?®4

Finally, a key component of the proton wire is the benzimidazole-based bridge, which
is not an innocent participant in the PCET process. Cyclic voltammetry studies have
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shown that the addition of each benzimidazole unit lowers the redox potential of the
phenoxyl radical/phenol couple by a nearly constant value of ~60 mV, regardless of the
nature of the TPA group.®’

3.3.1 Synthesis and Structural Characterization

Molecules capable of an E1PT process, 1 and 1’, were synthetized and characterized in
previous reports.>>*> Among the molecules featuring an E2PT mechanism, the reference
compound 2 was previously reported,? while its trifluoromethylated version 2’ has been
obtained following a 5-step synthetic scheme, starting with the commercially available 3-
bromo-5-(trifluoromethyl)benzene-1,2-diamine. Compound 3 was prepared using
precursors previously reported, whereas the high potential proton wire 3’ has been
synthesized in an overall 10-step synthetic scheme, beginning the synthesis with the
commercially available 2-amino-3-nitro-5-(trifluoromethyl)benzoic acid. Compounds 22,
3, and 3’ were prepared by collaborators from Arizona State University.

In molecules 3/3’, all three components described above are covalently connected so
that the phenolic proton and the two benzimidazole NH groups form an extended
hydrogen-bonded network. Similar to other BIP based constructs, the hydrogen-bonded
network is defined by the presence of strong hydrogen bonds between the acidic and
basic sites. The electron-withdrawing properties of the trifluoromethyl group impact the
overall electron distribution of the entire molecule and specifically the strength of the
hydrogen bonds.

The electron-withdrawing character of the trifluoromethyl group at the 5-position of
benzimidazole A (Figure 3.6) induces an upfield shift of the phenolic proton resonance
(don) in the NMR spectrum, in comparison with the don found for its analogue 3 (13.00
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ppm for 3’ vs 13.29 ppm for 3 in CDCl3). Accordingly, the decrease in the electron
density on the heterocycle ring due to the electron-withdrawing effect of the
trifluoromethyl group weakens the intramolecular O1—H---N2 hydrogen bond (Figure
3.7).

On the other hand, the electron-withdrawing effect is also manifested in
benzimidazole B (Figure 3.6). In this case, a downfield shift is observed in the resonance
of the benzimidazole NH (6nH) hydrogen bonded with the pyridinic nitrogen (Ns—H---Ns)
of the TPA, suggesting a stronger hydrogen bond compared to that of 3 (nn = 12.68 ppm

for 3’ vs 12.46 ppm for 3 in CDCIs). Based on the chemical shifts, the intramolecular

Figure 3.7 Calculated molecular structure of 3’ and electron density difference with
respect to 3. The red/blue isosurfaces show an increase/decrease in the electron density
due to the substitution of the trifluoromethyl groups with an isosurface value of 0.05 au
for this electron density difference. The trifluoromethyl groups draw significant electron
density out of the proton wire and the phenol. The calculated excess partial charge on
each of the trifluoromethyl groups is —0.231 au. The proton transfer processes are labeled
as PT.
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hydrogen bond connecting both benzimidazoles (Ns—H---Na) is only slightly affected by
the presence of both trifluoromethyl groups on the benzimidazole-based bridge. The
effects seen in 2" and 2 are similar to those described above for 3’ and 3. The
trifluoromethyl group present in 2’ weakens the hydrogen bond between the phenol and
the benzimidazole N (don = 13.48 ppm and 13.12 ppm in CDCls for 2 and 2’,
respectively) and strengthens the hydrogen bond between the benzimidazole NH and the
pyridinic nitrogen of the TPA (dnH = 12.36 ppm and 12.52 ppm in CDCls for 2 and 2’,
respectively). The same behavior has been observed and described in the case of the
simplest models 1 and 1’.% In summary, the trifluoromethyl group affects the strengths of
the hydrogen bonds but does not seem to drastically modify the hydrogen bond
donating/accepting capability of the benzimidazole, which is indispensable for a
successful proton relay mechanism.

3.3.2 Electrochemical Studies

Figure 3.8 shows the cyclic voltammograms recorded using the unsubstituted reference
molecules 1-3 and bridge-modified molecules 1'-3’. Experimental and calculated E1/»
values for the phenoxyl radical/phenol couple, together with other relevant
electrochemical parameters, are summarized in Table 3.3. For all the compounds, the
experimental E1» values were taken as the average of the anodic and cathodic peak
potentials swept over the phenoxyl radical/phenol couple. Each calculated E1/» was
obtained using the lowest free energy intramolecular proton transfer state. For all
systems, it was found that the most stable (lowest free energy) oxidized state involved the
transfer of all protons, i.e., one proton transfer in 1/1’, two proton transfers in 2/2’, and
three proton transfers in 3/3’. The quasi-reversible one-electron electrochemical oxidation

80



E (V vs SCE)
0.4 06 08 1.0 12 1.4

[10 wA N

==

N 1
<
=

g —2

—_—2

—3

3

02 0.0 02 04 06 08 1.0
E (V vs Fc'/Fc)

Figure 3.8 Cyclic voltammograms of unsubstituted molecules 1-3 and bridge-modified
molecules 1'-3'. Concentration: 1 mM of the indicated compound, 0.1 M TBAPFs as
supporting electrolyte in dry CH2Cl2. WE: glassy carbon. RE: Ag wire
(ferrocenium/ferrocene redox couple as an internal reference). CE: Pt wire. Scan rate, 100

mV s?.

of the phenol moiety is observed in all systems, independent of the presence of the
trifluoromethyl substitution and the extension of the proton relay system (i.e., the length
of proton translocation distance).

For the unsubstituted molecules (1-3), the progressive drop in E1 along the series
follows the same trend observed for the analogous systems bearing TPAs different than
pyridine.®” In the case of the bridge-modified series 1’3", the incorporation of the

trifluoromethyl group dampens this drop in E12 between 2" and 3’, i.e., for the
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unsubstituted molecules, the AE1/2 between 2 and 3 is 70 mV, while for the analogous
molecules having the trifluoromethyl group(s) (2’ and 3’) the AE1 is only 20 mV (Table
3.3 and Figure 4.21).

Importantly, the E1/ is always higher for the constructs bearing the trifluoromethyl
group(s) in comparison with their non-trifluoromethylated analogues.
The much smaller drop in E1» between 2’ and 3’ can be described to the combination of
two effects acting in opposite directions: (i) expansion of the proton wire as a
consequence of the second benzimidazole addition leads to the decrease of E12 and (ii)
incorporation of the trifluoromethyl groups in the benzimidazole-based bridge affects the
overall electron density of the system and increases the E1/.. Figure 3.7 shows the
redistribution of electron density as a result of introducing the trifluoromethyl groups. As
shown elsewhere, the benzimidazole bridges are non-innocent participants in the PCET
process. The addition of each benzimidazole unit lowers the redox potential of the
phenoxyl radical/phenol couple regardless of the nature of the TPA group. These results
were rationalized in terms of the electronic structure of the linked benzimidazole groups
and their partial conjugation with the phenol.®” In 1-3 and 1'-3’, a progressive red shift in
the UV-Vis absorption spectrum (Figure 4.22) is evidence of the partially conjugated
framework.
On the other hand, the trifluoromethyl groups draw electron density out of the phenol
moiety where electrochemical oxidation originates, making it more difficult to remove an
electron (Figure 3.7 and Table 4.4). This effect counterbalances the drop in E1/ arising
from the extended conjugation. Additionally, withdrawal of electron density from the
phenol also weakens the O1—H---N2 hydrogen bond, in agreement with previously
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Table 3.3 Electrochemical Data of Unsubstituted Molecules 1-3 and Bridge-Modified

Molecules 1'-3" in CH2Cl».

1 0.49¢ 0.95¢ 1.11 704 0.95¢
2 0.39¢ 0.85¢ 0.85 704 0.90¢
3 0.32 0.78 0.72 80 0.99
1’ 0.60° 1.06¢ 1.20 80° 0.96°¢
2 0.48 0.94 0.94/ 70 0.99
3 0.46 0.92 0.82 90 0.94

2 The potential of the RE was determined using the ferrocenium/ferrocene redox
couple as an internal standard and adjusting to the SCE scale (with the
ferrocenium/ferrocene Eu/, taken to be 0.46 V vs SCE in CHCl,).*

b Each computed redox potential is calculated using the maximum number of
intramolecular proton transfers, which is consistently the lowest free energy isomer
for the oxidized state. The redox potentials corresponding to the intermediates that
would arise from only some of these proton transfers are given in Table 4.4.

¢ Peak to peak separation (AEp) and cathodic to anodic peak intensity ratios (ic/ia)
measured at a scan rate of 100 mV s 2.

d Values from ref. 28.

€ Values from ref. 45.
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reported BIP based systems, in which a clear trend between E1/, and hydrogen bond
strength was observed, i.e., the weaker the intramolecular hydrogen bond, the higher the
Eur2 value.3** It is worth comparing the Ex2 for 1 and 3’, i.e., the simplest and most
elaborate models within the series, respectively. The unsubstituted system can only
perform an E1PT process (1), and the extended molecule, bearing the pyridine TPA and
the trifluoromethyl groups, can translocate three protons in an E3PT process (3'). The
redox potential for 1 is Ey» =0.95 V vs SCE (Table 3.3), while for the more complex
molecule 3’, the Ey is similar (0.92 V vs SCE, Table 3.3) but 3’ translocates three
protons instead of one over ~11 A. In other words, the energetic cost required for the
E3PT process in the trifluoromethylated proton wire 3’ is almost the same as that needed
for the E1PT process in 1. This observation highlights the role of the trifluoromethyl
groups in conserving the redox potential as the proton wire is extended.
3.3.3 IR-SEC Studies
IR-SEC is used to track in-situ the product(s) of the electrochemical oxidation/reduction
process. The IR-SEC of 1, 1" and 2 in CH2Cl. solution were reported in previous
work?®3%45 and serve as models to interpret the IR-SEC experiments of the more complex
constructs 3 and 3’. The IR-SEC of 2’ (Figure 3.9) closely resembles the results obtained
for 3’ (vide infra). For this reason, our discussion will focus on molecules capable of
performing the E3PT process. Considering that compounds 3/3' are structurally similar,
the vibrational modes of the neutral species are expected to have similar key features.
Moreover, the spectral changes upon oxidation of the phenol should also coincide
because the multiproton translocation process leads to structurally similar phenoxyl

radicals and protonated TPA species in both compounds. For example, in the 1700—1400
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Figure 3.9 IR-SEC spectra of 2’ recorded in the (a) 3100—-3500 cm™ and (b) 1700—1400
cm* regions. Black traces represent the spectrum of the neutral species. Purple traces
show the resulting spectrum of oxidized species after bulk electrolysis, while grey traces

display intermediate situations. Solvent: dry CH2Cl2, 0.1 M TBAPFes.

cm* frequency region of the spectrum of both molecules, the bands at 1596, 1563 cm'™
for 3 (Figure 3.10d), and 1598, 1565 cm for 3’ (Figure 3.10b) are attributed to the ring
stretching modes of the pyridyl group.2846-48 These bands gradually decrease upon
oxidative polarization, and new bands in the region above 1600 cm™ appear in both cases,
the bands associated with the pyridinium ion are 1615, 1639 and 1649 cm for 3 (Figure
3.10d), and 1628 and 1651 cm™ for 3’ (Figure 3.10b). Tracking the formation of the
which are assigned to the vibrational modes of protonated pyridine.?¢234 Specifically,
stretching mode frequency (vnn) region 3500—3100 cm™ of the spectrum. The frequency
of this band is sensitive to the intramolecular hydrogen bond strength in these constructs.
For both molecules the vn is located at ~3370 cm™, clearly oxidized product is also
possible by monitoring the changes in the benzimidazole NH different from that observed

for either of the reference compounds 1 or 1’, which display no internal hydrogen-bonded
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Figure 3.10 IR-SEC spectra of 3’ recorded in the (a) 35003100 cm™ and (c) 1700—1400
cm regions, and of 3 recorded in the (¢) 3500—-3100 cm™ and (d) 1700—-1400 cm™
regions. Black traces represent the spectrum of the neutral species. Green and blue traces
show the resulting spectrum of oxidized species after bulk electrolysis for 3’ and 3,
respectively, while grey traces display intermediate situations. Black dashed lines
correspond to the spectrum obtained upon polarizing the solution to reducing potentials

after oxidizing for 2 min at a potential required to deplete 3’ and 3 on each case. Solvent:

dry CH2Cl, 0.1 M TBAPFe.

NH (vnu = 3414 cm™ and vnn = 3404 cm™?, respectively).>**° Following electrochemical
oxidation, the intensity of vnn decreases and a small shift towards higher frequency (from
3367 to 3381 cm™) is observed for 3 (Figure 3.10c), while an increase in its intensity is

the only spectral changes noticed in the trifluoromethylated version 3’ (Figure 3.10a).
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Most importantly, the characteristic broad band of the benzimidazolium ion (protonated
benzimidazole species) at ~3300 cm™ is not present in the spectra, suggesting that the
oxidized species resulting from intermediate proton translocations (either by E1PT or
E2PT processes) are not present during the IR-SEC experiment. Therefore, these results,
together with the appearance of the set of bands from the protonated pyridine, imply that
a complete multiproton translocation takes place, leading to the formation of the E3PT
product in both the 3 and 3’ constructs.

3.4 Conclusions

Photoinduced PCET and long-range two-proton transport via a Grotthuss-type
mechanism were investigated in a biomimetic construct. The ultrafast, nonequilibrium
dynamics were assessed via 2DEV spectroscopy, in concert with electrochemical
techniques. A low frequency mode was identified experimentally and found to promote
double proton and electron transfer. Excitation frequency peak evolution and CLS
dynamics showed direct evidence of strongly coupled nuclear and electronic degrees of
freedom, from which it was concluded that the double proton and electron transfer
processes are concerted (up to an uncertainty of 24 fs). The nonequilibrium pathway from
the photoexcited Franck-Condon region to the E2PT state is characterized by a ~110 fs
timescale.

Additionally, electronic modulation of a benzimidazole-based bridge by
functionalization with trifluoromethyl EWGs proved to be an effective strategy for
increasing the redox potential of a MPCET process driving protons in a Grotthuss-type
proton wire and confirms the non-innocent nature of the partially conjugated scaffold that
is part of the hydrogen-bonded network between the initial proton donor (phenol) and the
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TPA (pyridine). Substituting the trifluoromethyl groups on the benzimidazole-based
bridge maintains the necessary balance between the hydrogen bond-accepting and
donating capabilities of the benzimidazole, thus conserving its role as a reversible proton
wire. These trifluoromethylated proton wires provide design principles for new
generations of molecular proton wires capable of translocating multiple protons over
significantly large distances with minimum thermodynamic cost to the coupled redox
process.
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CHAPTER 4

EXPERIMENTAL PROCEDURES
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4.1 General Experimental Methods

Mass spectra. Mass spectra of all compounds were obtained with Voyager DE STR
MALDI-TOF-MS in positive ion using trans,trans-1,4-diphenyl-1,3-butadiene as a
matrix.

Nuclear Magnetic Resonance. *H-NMR spectra were recorded on a Varian MR400
spectrometer operating at 400 MHz in deuterated chloroform (CDClIs) at room
temperature. Chemical shifts (0) are reported in parts per million (ppm) relative to
residual trimethylsilane peak.

4.2 Experimental Procedures for Chapter 2

Materials. All compounds were synthesized from commercially available starting
materials. All reagents were purchased from commercial suppliers and used as received
without further purification. Solvents were obtained from Fisher (CH2Cl, hexanes,
toluene, and methanol) or Aldrich (CsH7CN, DMF, and C¢HsCN), and were distilled
before use.

Electrochemistry. All voltammetry measurements were performed with a Biologic SP-
300 potentiostat using a glassy carbon (3 mm diameter) WE, a platinum counter electrode
(CE), and a silver wire pseudoreference electrode (RE) in a conventional three-electrode
cell at 250 mV s scan rate at room temperature under argon. The potential of the silver
wire RE was determined using the ferrocenium/ferrocene redox couple as an internal
standard and adjusting to V vs SCE in voltammograms collected prior adding ferrocene.!
CeHsCN, C3H7CN, CH2Cl>, or DMF were used as solvents. Electrochemical analysis
grade TBAPFs electrolyte was obtained from Aldrich and stored in a desiccator
containing calcium sulfate (CaSQgs) as a desiccant. The supporting electrolyte
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concentration of all electrochemical measurements was 0.1 M TBAPFg, and the WE was
cleaned between experiments by polishing with alumina (50 nm diameter) slurry,
followed by solvent rinses.

UV-Vis-NIR and UV-Vis-NIR-SEC. All ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectra were recorded on a Shimadzu SolidSpec-3700 spectrometer with a deuterium
(D) lamp for the ultraviolet range and a W1 (halogen) lamp for the visible and near-
infrared, using CsHsCN, C3H7CN, CH2Cl>, or DMF as solvents. UV-Vis-NIR-SEC
measurements were recorded using a Biologic SP-200 potentiostat, a Pt “honeycomb”
design WE with a Pt CE (Pine Research), and a silver wire RE. In all experiments, the
supporting electrolyte contained 0.1 M TBAPFs and was sparged with argon. Thin layer
constant potential electrolysis was monitored via UV-Vis-NIR as the WE was polarized
in a stepwise manner (i.e., an incrementally increasing bias potential versus the silver
wire reference). Before changing the electrode polarization, absorption spectra were
continuously collected at each applied potential until there were no significant changes in
the resulting absorption spectra. This procedure was repeated until increasing the
polarization no longer resulted in significant changes between UV-Vis-NIR spectra
collected prior to and following the potential step. The Pt honeycomb WE was cleaned
between experiments by collecting cyclic voltammograms in 0.1 M H2SOg, followed by
rinsing with 18.2 MQ cm water and then acetone. The potential of the RE was
determined by measuring the ferrocenium/ferrocene redox couple under identical solvent
conditions before and after completion of the measurements.

FTIR and IR-SEC. FTIR spectra were recorded on a Bruker Vertex 70, in pressed KBr
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pellets using a transmission mode at 64 scans with a 1 cm™ resolution, GloBar MIR
source, a broadband KBr beamsplitter, and a liquid nitrogen cooled MCT detector.
Background measurements were obtained from the air, and baselines were corrected for
rubberband scattering. The data were processed using OPUS software. IR-SEC
measurements were performed using a Biologic potentiostat connected to a custom
optically transparent thin-layer electrochemical cell (path length: 0.2 mm) equipped with
NaCl optical windows and purchased from Professor Frantisek Hartl, University of
Reading. The cell contained a Pt mesh CE, a silver wire RE, and a Pt mesh WE. In all
experiments the supporting electrolyte contained 0.1 M TBAPFe and was sparged with
argon. The Pt mesh WE was positioned within the light path of the IR spectrophotometer.
The cell and its contents were sealed under an argon atmosphere prior to all
measurements, and thin layer constant potential electrolysis was monitored via FTIR as
the WE was polarized in a stepwise manner (i.e., an incrementally increasing bias
potential versus the silver wire reference). Before changing the electrode polarization,
absorption spectra were continuously collected at each applied potential until there were
no significant changes in the resulting absorption spectra. This procedure was repeated
until increasing the polarization no longer resulted in significant changes between FTIR
spectra collected prior to and following the potential step. The cell was disassembled and
cleaned between experiments by rinsing the cell components first with water, followed by
acetone, and finally CH2Cl. A drop of nitric acid was placed on the Pt mesh WE for
approximately 5—10 min before rinsing with water.

XPS. Photoelectron Spectroscopy was performed using a monochromatized Al Ka source
(hv = 1486.6 eV), operated at 63 W, on a VG ESCALAB 220i-XL (Thermo Fisher)
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system at a takeoff angle of 0° relative to the surface normal and a pass energy for narrow
scan spectra of 20 eV at an instrument resolution of ~700 meV. Survey spectra were
collected with a pass energy of 150 eV. Spectral analysis was performed using Casa XPS
analysis software, and all spectra were calibrated by adjusting C 1s core level position to
284.8 eV.

X-ray Absorption Near Edge Structure. XANES analyses were conducted at the SAMBA
beamline,? Synchrotron SOLEIL, France. The electron storage ring was operated at 2.75
GeV. A Si(220) double crystal monochromator was used, which was calibrated by
assigning the first inflection of a Fe foil XANES spectrum to 7111.2 eV. The XANES
spectra were collected in transmission mode using an N2-filled ionization chamber.
Spectra were collected from 6900 to 8000 eV using a continuous scan acquisition mode,
with a 5 eV s velocity and 0.04 s point? integration time. Each scan was obtained in 220
seconds and featured 5500 data points with a 0.2 eV step size. Multiple spectra were
repeatedly collected for each sample until their average spectrum had a satisfying signal-
to-noise ratio. All XAS data processing was done using the Athena program of the
Demeter software suite.®

Synthesis

5,10,15,20-tetra-p-tolylporphyrin (TTP), FeTTPCI, and meso-$ doubly-fused 5,24-di-(p-
tolyl)-10,19,29,38-tetramesitylporphyrin (free-base fused-porphyrin, FP). These
compounds were synthesized following previously reported methods.*® The identity and
purity of the compound was confirmed via MALDI-TOF MS, Ultraviolet-visible (UV-

Vis) spectroscopy, and homogenous electrochemical analysis.
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Fe2FPCl,. This compound was synthesized by adding FeClz-4H,0 (187.8 mg, 945.3
umol) in approximately three equivalent portions over 30 min to refluxing solution of FP
(20 mg, 15.7 pmol) in a 5:1 solution of CH2Cl2:methanol. The mixture was refluxed
overnight under an argon atmosphere before removing the solvent under reduced
pressure. The crude product was purified via column chromatography using alumina as
the stationary phase and 50:50:3 CH2Cl2:hexane:methanol as the mobile phase. The
resulting dark purple fractions were concentrated under reduced pressure before
redissolving in CH2Cl> and washing with an aqueous 6 M HCI solution using a separatory
funnel. Collection of the resulting organic phase and removal of the solvent under
reduced pressure gave the target compound in near quantitative yield. UV-Vis (CH2Cly)
375 nm, 411 nm, 500 nm, 533 nm, 678 nm, 738 nm, 785 nm, 894 nm. FTIR (KBr) 1500
cm?, 1463 cm?, 1384 cm™, 1321 cm™, 1263 cm™, 1208 cm™, 1182 cm™, 1162 cm™, 1129
cm?, 1109 cm, 1065 cm™, 1001 cm™. MALDI-TOF MS: calcd. for CooH72CloFe2Ng

1446.396 m/z, obsd. 1446.700 m/z.
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Figure 4.1 MALDI-TOF MS data collected using FP.
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Figure 4.2 (a) MALDI-TOF MS data collected using Fe2FPCI2 (red/bottom) and the

crude product obtained before washing with an aqueous 6 M HCI solution (brown/top).
(b) MALDI-TOF MS data collected using Fe2FPCI2 (red) overlaid with the calculated

isotopic distribution of CgooH72NgFe2Cl, (black).
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Figure 4.3 MALDI-TOF MS data collected using TTP.
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Figure 4.4 (a) MALDI-TOF MS data collected using FeTTPCI (blue/bottom) and the
crude product obtained before washing with an aqueous 6 M HCI solution (brown/top). b)
MALDI-TOF MS data collected using FeTTPCI (blue) overlaid with the calculated

isotopic distribution of CagHzsN4FeCl (black).

100



Normalized Absorbance

400 600 800 1000 1200
Wavelength (nm)
Figure 4.5 Normalized absorption spectrum of FP recorded in CHCl>.
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Figure 4.6 Normalized absorption spectra of Fe2FPCI: recorded in C3H7CN (green),

CHCl; (blue), DMF (black), or CsHsCN (red).
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Figure 4.7 Normalized absorption spectrum of TTP recorded in CH,Cl..
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Figure 4.8 Normalized absorption spectra of FeTTPCI recorded in C3H7CN (green),

CH2Cl> (blue), DMF (black), or CeHsCN (red).
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Table 4.1 Wavelengths of Soret-like and Q-like absorption bands of Fe2FPCI: in

different solvents.

CsH/CN 373, 409,2 496, 524 670, 737, 794, 879

CH:Cl; 375, 411,7 500, 533 678, 738, 785, 894
DMF 380, 513 901

CeHsCN 380, 413, 502, 534 683, 746, 793, 892

2 This absorption feature appears as a shoulder.

Table 4.2 Wavelengths of Soret-like and Q-like absorption bands of FeTTPCl in

different solvents.

CsH/,CN 378,417 509, 571, 658,7 688

CH:Cl. 381, 418 511, 574.5, 663,” 692
DMF 322,410 570, 612

CeHsCN 351,421 509, 572, 641, 684

2 This absorption feature appears as a shoulder.
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Figure 4.9 UV-Vis-NIR absorption spectra of (a-c) FeTTPCI (0.25 mM) recorded in a
0.1 M TBAPFs DMF solution polarized at potentials to generate [FeTTP]** (blue),

[FeTTP]° (black), and [FeTTP]* (green), and [FeTTP]* (purple).
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Figure 4.10 Normalized FTIR transmission spectrum of FP recorded in a KBr pellet.
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Figure 4.11 Normalized FTIR transmission spectrum of TTP recorded in a KBr pellet.
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Figure 4.12 (a) Normalized FTIR transmission spectra of Fe2FPCI: (red) and FeTTPCI

(blue), with an (b) expanded plot of the 980-1020 cm™ region. Data recorded with a 1
cm* resolution. (c) Normalized FTIR transmission spectra of CuzFP (green) and CuTTP
(purple), with an (d) expanded plot of the 980-1020 cm™ region. Data recorded with a 2

cm™ resolution.
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Figure 4.13 (a) *H NMR spectrum (black) and (b) *H NMR spectrum (black) of the

aromatic region with overlaid COSY data (red) of FP in CDCls.
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Figure 4.14 (a) *H NMR spectrum (black) and (b) *H NMR spectrum (black) of the

aromatic region with overlaid COSY data (red) of TTP in CDCls.
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Figure 4.15 (a) XANES spectra recorded at the Fe K-edge of Fe2FPCI2 (red), FeTTPCI

(blue), FeCl2-4H.0 (green), or Fe203 (purple) pellets. (b) Expanded plot of the 7110

7130 eV region.
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Table 4.3 Cathodic peak potentials of Fe2FPCI2 and FeTTPCI as determined by
differential pulse voltammetry. An assignment of the related redox couple is indicated in
parenthesis. All voltammograms were collected under argon and at room temperature
using a 3 mm diameter glassy carbon WE immersed in solutions containing 1 mM
porphyrin and 0.1 M TBAPFs in DMF. In all of these experiments, the

ferrocenium/ferrocene cathodic peak potential was used as an internal reference.

"E (V vs Fc*/Fc)
VIE VE IVE IIIE IIE IE
-2.38 -2.11 -1.45 -1.20 -0.71 -0.60

Fe:FPCl.  [FeFP]™  [FeFP]>  [FeFP]™  [Fe:FP]Y  [FeaFP]™/  [FeaFPI?/

/[Fe:FP]*  /[Fe:FP]>  [[FeFP]Z  [Fe:FP]™  [FesFPI°  [FeoFPIY

-2.20
-1.54 -0.70
[FeTTP]"
FeTTPCI - - - [FeTTPI% [FeTTP]Y*
/[FeTTPJ?

[FeTTP]* /[FeTTP]°

4.3 Experimental Procedures for Chapter 3

Materials. CH2Cl, was distilled from calcium hydride (CaH2) prior to use and stored over
molecular sieves (3 A or 4 A).

Electrochemistry. The cyclic voltammetry measurements were performed with a CH
Instruments 760C potentiostat using a glassy carbon (3 mm diameter) WE, a platinum
wire CE, and a silver wire RE in a conventional three-electrode cell. Anhydrous CH2Cl>

stored over molecular sieves and KoCO3 or deuterated acetonitrile were used as solvent in
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the electrochemical measurements. The concentration of the compound of interest was 1
mM, containing 0.1 M (for CH2Cl>) or 0.5 M (for acetonitrile) TBAPFg as the supporting
electrolyte. The WE was cleaned between experiments by polishing it with a 0.05 um
alumina slurry on a microcloth polishing pad, followed by solvent rinses and drying
under a stream of nitrogen. All measurements were conducted at room temperature, and
the solution was deoxygenated by bubbling with argon. The potential of the RE was
determined using the ferrocenium/ferrocene redox couple as an internal standard and
adjusting to the SCE scale (with E1> taken to be 0.46 V vs SCE in CH2Cl, and 0.40 V vs
SCE in acetonitrile) in voltammograms collected prior adding ferrocene.!

IR-SEC. The IR-SEC measurements were conducted using a Biologic SP-200 potentiostat
connected to an optically transparent thin-layer electrochemical cell
(Spectroelectrochemistry Reading RT OTTLE cell), pathlength 0.2 mm, equipped with
CaF optical windows. The electrodes arranged in the cell are Pt mesh CE, Ag wire
pseudo RE, and Pt mesh WE. The WE was positioned in the light path of the IR
spectrophotometer (Bruker Vertex 70 spectrometer, GloBar MIR source, broadband KBr
beamsplitter, and liquid nitrogen cooled MCT detector). For all the IR-SEC
measurements, 0.1 M TBAPFg was used as the supporting electrolyte in deuterated
acetonitrile or CH2Cl». Thin-layer constant potential electrolysis was monitored via FTIR
as the WE was polarized in 100 mV increments vs the Ag wire RE. Absorption spectra
(64 scans, 2 cm™ resolution) were continuously collected at each applied potential until
there were no further significant changes.

2DEV. A detailed description for the two-dimensional electronic-vibrational (2DEV)
spectroscopic setup can be found elsewhere.® Briefly, the output of a Ti:sapphire
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oscillator (Vitara-S, Coherent) was regeneratively amplified with a 1 kHz repetition rate
(Legend Elite, Coherent), an energy of 1 mJ/pulse, and a pulse duration of 40 fs. The
amplified pulse was divided into two and one was used to pump a home-built visible non-
collinear optical parametric amplifier (NOPA). The other pulse was used to generate a
mid-IR probe pulse (centered at 6.2 pm) by difference frequency generation with signal
and idler pulses from a near-IR collinear OPA. The output of the NOPA (centered at 580
nm, 60 nm fwhm) was compressed to 10 fs at the sample position using a pair of prisms
and an acousto-optic dispersive programmable filter (AODPF, Dazzler, Fastlite). The
pulse pair was introduced to a retroreflector on a motorized translation stage to control
the waiting time, t, between the pump and probe pulses. The total power of the pump
pulses was 200 nJ and the pulses were focused into the sample with spot size of 250 pm.
The mid-IR pulse was divided by a 50:50 beam splitter to form probe and reference
beams. The probe and reference beams were dispersed by a spectrometer (Horiba, Triax
180) and detected by a 64-pixel HgCdTe dual array (Infrared Systems Development).
The cross-correlation between visible and mid-IR pulses was estimated to be 90 fs by a
step-like transient IR response of a 50 um Ge plate and by a solvent only measurement.
For each waiting time, a 2DEV spectrum was acquired by using the AODPF to scan the t;
delay over 0-100 fs with 2.5 fs steps. For each t; delay, the signal was acquired with the
relative phase between the pump pulses ¢12 set by 0, 27/3 and 47/3, and the desired signal
was isolated by a 3 x 1 phase cycling scheme.”® The excitation axis was obtained by a
Fourier transformation over t1. The signal was collected in the fully rotated frame with
respect to t1. The CLS was calculated by linear fitting of the conditional averages along

visible axis® as the CLS (Figure 3.4b and Figure 4.17) along the IR axis reflects the same
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information.® Excitation frequency peak evolution (Figure 3.4a, Figure 4.18, Figure
4.19, and Figure 4.20) was calculated by fitting the 2DEV spectrum along visible
excitation axis at a particular IR probe frequency at each waiting time with a Gaussian

function.

E (V vs SCE)
10 05 00 05 1.0
20—
10+
<
= 04
-10-
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E (V vs Fc'/Fc)
Figure 4.16 Cyclic voltammetry of PF1s-BIP-Pyr. The midpoint potentials (E1/2) for the

PF1s-BIP-Pyr*/PF15-BIP-Pyr and PFis-BIP-Pyr/PF1s-BIP-Pyr- redox couples were
estimated as the average of the anodic and cathodic peak potentials, yielding values of

+0.85 and -0.83 V versus SCE, respectively.
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Figure 4.17 CLS dynamics of PF15-BIP-Pyr for features unrelated to the BIP-Pyr (i.e.,

localized on PFis).! The time range in which visible and IR pulses overlap, <90 fs, is
indicated by the gray area. The error bars indicated the standard error of the CLS,
obtained by a linear fit of the conditional average.® A comparison to Figure 3.4b reveals a
distinct lack of oscillatory (or any) dynamics for these features which are unrelated to the

E2PT product.
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Figure 4.18 wexc. peak evolution of PF1s-BIP-Pyr at 1586 cm™, 1604 cm™?, and 1627 cm?

corresponding to Figure 3.4a. The yellow line traces the peak maximum along the

waiting time, t, obtained by fitting with a Gaussian function.
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Figure 4.19 wexc. peak evolution of PF1s-BIP-Pyr for features unrelated to the BIP-Pyr

(i.e., localized on PF1s) at 1505 cm™ and 1514 cm™.1! The yellow line traces the peak

maximum along the waiting time, t, obtained by fitting with a Gaussian function.
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Figure 4.20 wexc. peak evolution of PF1s-BIP-Pyr for features unrelated to the BIP-Pyr
(i.e., localized on PF1s) at 1505 cm™ and 1514 cm™.1! The time range in which visible
and IR pulses overlap, <90 fs, is indicated by the shaded area. A comparison to Figure

3.4a reveals a distinct lack of oscillatory (or any) dynamics for these features which are

unrelated to the E2PT product.
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Figure 4.21 Graphic presentation of data in Table 3.3 showing changes in E12 and AG°.
Compounds 1, 2 and 3 are not substituted with EWGs. Compound 1’ and 2’ each have
one EWG and compound 3’ has two EWGs. The arrows labeled “Drop” and the
associated numbers indicate the magnitude of the increase in AG° (eV) and corresponding

decrease in E12 (V) between the indicated compounds.
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Figure 4.22 Steady-state absorption spectra of (a) 1-3 or (b) 1°-3 in CH2Cl..
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Table 4.4 Calculated Redox Potentials for Formation of EnPT Products in the Series 1-3

and 1’-3" in CH»Cl,.2

Compound EOPT E1PT E2PT E3PT
1 1.50 1.11 N/AP N/AC
1 1.56 1.20 N/AP N/A®
2 1.46 1.01 0.85 N/A°
2 1.53 1.12 0.94¢ N/A°
3 1.47 1.05 0.86 0.72
3 1.59 1.23 1.04 0.82

2 Redox potentials reported in V vs SCE.

b Compound cannot have an E2PT product.

¢ Compound cannot have an E3PT product.

9 This redox potential was used as the reference and agrees with experiment by

construction.
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