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Abstract

Exploration of Light-Absorbing Nanomaterials for Organic Photocatalysis and Solar Fuels
Production
Benjamin Nagasing

This dissertation investigates the use of organic and semiconductor nanomaterials as
chromophores in solar fuels production and energy transfer-mediated [2+2] cycloadditions. A
series of novel N-annulated perylene chromophore amphiphiles was synthesized via a modular
synthesis. These perylene amphiphiles were found to self-assemble in aqueous solution, forming
extended ribbon-like nanostructures that could form gels in the presence of cross-linking divalent
salts. The assemblies exhibited weak electronic coupling, unlike similar previously studied
molecules, likely due to an edge-to-face interaction between perylene units. The assemblies were
used to photosensitize a CO; reduction catalyst which photocatalyzed the reduction of CO; to CO
under aqueous conditions in the presence of light and a sacrificial hole quencher.
Photosensitization of a similar catalyst with CulnS>@ZnS quantum dots (QDs) was also explored;
specifically, potential binding interactions between the catalyst and QDs’ surface was investigated
by 'H NMR and UV-vis spectroscopies as well as cyclic voltammetry and X-ray techniques.
Finally, QDs were investigated as triplet sensitizers of a [2+2] cycloaddition between olefins and
imines to form azetidines. Imine substrates were found to undergo unproductive isomerization
even when sensitized by QDs with excited state energies below that of the imines due to non-
vertical energy transfer. This thesis demonstrates the challenges and potential of designing both

organic soft material and semiconductor nanomaterials for photocatalytic applications.
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1.1. Chapter Summary

This chapter introduces the motivation for studying light-driven chemical processes, namely
the potential to capture light energy from the sun and convert it into fuel or useful chemical work.
Basic photophysical processes and intermolecular electron and energy transfer are first introduced,
as well as the types of chromophores capable of such processes. This is followed by an introduction
to solar fuels, specifically the motivation for and challenges of photocatalytic CO> reduction.
Supramolecular chemistry is briefly discussed as a set of design principles to potentially improve
the photophysical properties of chromophores or facilitate their interactions with external catalysts
and substrates for photocatalytic applications.
1.2. The Need for Alternative Fuels and Sustainable Chemical Processes

Global energy demand is rapidly increasing and expected to at least double by the year 2050.2
The vast majority of the world’s energy supply is currently derived from non-renewable, carbon-
based sources such as oil and natural gas, the waste products of which are straining the
environment to its limit.> Major consensus has been reached that these greenhouse gas emissions
are the main driver of global warming. Avoiding an increase in average world temperature of more
than 1.5 °C is critical to prevent widespread irreparable damage of ecosystems, coastal cities, and
populations in arid climates, as well as other negative outcomes. These realities necessitate the
immediate development of renewable, carbon-neutral fuels derived from solar, wind, or
hydrothermal power. Driving other processes, such as organic chemical reactions, using renewable

energy sources is also a key goal to reduce overall nonrenewable fuels consumption.*>
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1.3. Photochemistry

1.3.1 Introduction to photophysics and photochemistry
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Scheme 1.1. Jablonski diagram outlining photophysical processes that occur within a chromophore.
Adapted from reference.!

The chemistry of light-driven processes is a rich and complex field. This section aims only to
provide a brief overview of the basic photophysical and photochemical processes that enable the
transformation of light energy into chemical energy and underpin the applications discussed later
in this dissertation. This section generally describes processes that occur in a molecule, but most
are applicable or analogous to processes that occur in semiconductors as well. Either way, the light
absorbing material of interest will be called a chromophore. Scheme 1.1 depicts a Jablonski
diagram, which demonstrates the fundamental photophysical processes that can occur in a
molecular system following light excitation.! Absorption of light results in excitation of an electron
to a higher energy state. The first process likely to occur after any excitation is internal conversion
(IC), in which energy is released as vibrations (heat) as the excited electron rapidly falls to lower
excited states. Following this process, the electron could continue to release energy as heat as it
relaxes to the ground electronic state. Alternatively, relaxation can occur via release of a photon

in the process of fluorescence. If heavy metal atoms are present, the molecule may also undergo a
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process called intersystem crossing (ISC), in which the excited electron changes spin, resulting in
a triplet excited state (T1), which is lower in energy than the singlet excited state (S1). From this
triplet excited state, relaxation can occur either via IC or release of a photon, which is called
phosphorescence in this case, differentiated from fluorescence because it typically has a much
longer timescale due to the disallowed nature of the transition from triplet excited state to singlet

ground state. These processes are all intramolecular, occurring within a single molecule.

1.3.2  Intermolecular photochemical processes

Electron transfer (ET) and energy transfer (EnT) are two primary intermolecular processes that
account for much of the behavior observed in photochemical systems. Other intermolecular
photochemical phenomena, in particular those involving molecular aggregation, will be discussed
in Section 1.5 and Chapter 2. ET is the process of transferring an excited state electron from the
excited molecule to an empty orbital/state of another molecule.® Hole transfer (HT) is an analogous
process in which an electron is transferred from another molecule into the partially unoccupied
ground state orbital of the excited molecule. A “hole” is a quasiparticle indicating the absence of
an electron and is typically more commonly used when discussing semiconductor photophysics.
To clarify, in this dissertation the term “electron transfer” is used when referring to transfer of an
electron from the excited chromophore to another species, and “hole transfer” when referring to
transfer of a hole from the excited chromophore to another species (which is equivalent to an
electron transfer from another species to the excited chromophore). The thermodynamics of
photoinduced electron transfer are described by the following equation:

AGgr = —F[Eox(D™"/D) = Erea(A/A™T)] —w — Egg

where F is Faraday’s constant, E,: and E,.; are the oxidation and reduction potentials of the

electron donor and acceptor, respectively, w is an electrostatic work term (typically small in
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magnitude and therefore disregarded), and Eo o is the excited state energy of the chromophore. This
equation allows one to determine whether ET or HT can occur in a given system; AG must be
negative for spontaneous ET or HT to occur.

Energy transfer (EnT) is another primary intermolecular photochemical process, in which the
excited state energy of the chromophore is transferred to another species, exciting that species to
its excited state.”® Two mechanisms are proposed for this process. In Forster resonance energy
transfer (FRET), fluorescence of the chromophore is absorbed by the acceptor species, leading to
excitation. Therefore, spectral overlap must exist between the fluorescence spectrum of the donor
chromophore and the absorption spectrum of the acceptor. The other mechanism is Dexter energy
transfer, which occurs only at short distances and requires wavefunction overlap, as energy transfer
is completed via a superexchange mechanism. Spectral overlap is not necessarily required and thus

“dark”™ states of acceptor molecules (states that do not absorb light, often triplet states) can be

accessed. A

1.3.3  Photocatalysis T

Photocatalysis is a subset of photochemistry in which a
chromophore, via either ET, HT, or EnT, drives some chemical :
reactivity and is regenerated either by completion of a reaction V
cycle or by the presence of sacrificial electron or hole quenchers. 1

Scheme 1.2 shows a generalized version of this process. The —_

photocatalyst is excited by light, then transfers an electron to an | D

acceptor A, which could be either a substrate or a sacrificial gepeme 1.2. Schematic depicting

ET (green) to electron acceptor
electron acceptor. A™ can then proceed to undergo open shell (A)and HT (blue) to hole acceptor
(or electron donor, D) from an

reactivity with other reagents or with the hole quencher (electron xcited photocatalyst.
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donor) D, which is oxidized by HT to form D*". Photoinduced ET or HT to A or D occur only if
AG (as determined by the free energy equation given in the previous section) is negative. For EnT,
sacrificial reagents are not required, as no ET or HT takes place; energy is simply transferred from
chromophore to the substrate, after which the chromophore returns to its initial state.
Photocatalysis has been explored for a very wide variety of organic reactions using various types
of chromophores (see Section 1.3.4).% %10 There are numerous potential advantages to developing
photocatalytic methods for reactions. Most photocatalytic reaction take place at room temperature
and use reagents that are less toxic than equivalent chemical transformations. Light is a readily
available and renewable energy source. As will be discussed further in Section 1.4, photocatalysis

drives the photosynthetic generation of fuels from sunlight.!!

1.3.4  Types of chromophores

Chromophores, light absorbing molecules or materials that can undergo the processes reviewed
above, can mostly be divided into three main categories: 1) transition-metal complexes, ii) organic
dyes, and iii) semiconductors (including those in nanomaterial form). Transition-metal complexes
often contain noble metals such as ruthenium or iridium. Though these metals are prohibitively
rare and expensive and thus unlikely to be used at scale, they play an important role in the
photochemistry of their complexes.” When excited, these complexes typically undergo a metal-to-
ligand charge transfer (MLCT), which results in an intramolecular charge separation in which the
excited electron has moved from the metal center to the ligand. In addition, due to strong spin-
orbit coupling, which occurs due to the presence of the heavy noble metal atom, ISC can occur to
a triplet MLCT state, which is very long-lived, on the order of microseconds. These two

phenomena result in high probability of ET or HT to an acceptor.
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Organic dyes are considerably cheaper than rare-earth transition metal complexes and can also
strongly absorb visible light.® However, most (but not all) cannot easily access triplet excited states
and are therefore limited to singlet excited states that typically decay on the nanosecond time scale,
leading to less efficient ET and/or HT. The manipulation of the photophysical properties of organic
dyes by self-assembly into supramolecular structures is a potential strategy to mitigate this
disadvantage and will be discussed shortly.

The third category, generally termed semiconductor materials, may contain any semiconductor
that can absorb a significant amount of light, which ultimately depends on the band structure and
thus the intrinsic structure and composition of the material. In this work, the semiconductors of
interest are nanocrystals called quantum dots (QDs).!2 QDs are quasi-spherical nanocrystals which,
because their sizes are smaller than their excitonic Bohr radii, exhibit quantum confinement
effects. As a result, their band gaps, and therefore excited state energies, can be easily tuned simply
by changing the nanocrystal size, providing considerable flexibility when considering QDs for use
in applications involving ET and/or HT or EnT processes. In addition, due to their nanocrystalline
nature QDs possess huge surface area to volume ratios and have surface capping organic species
called ligands. These ligands can dictate the rate at which acceptors reach the QD surface and
therefore control the rate of ET and/or HT.!*!* The ligands can also exchange with acceptors if the
acceptor has a suitable binding group, such as a carboxylate or phosphonate. These features
differentiate QDs from molecular dyes and complexes and impart potential for greater control over
photocatalytic processes.!> !¢ Efforts have also been made to construct supramolecular assemblies

of QDs and will be discussed in Section 1.5.2.
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1.4. Solar Fuels

The term “solar fuels” refers to a fuel that can be artificially produced via sunlight and has a
carbon-neutral life cycle.!” It is important to note that “fuels” can ideally be stored indefinitely and
at a high energy ratio. This is the key difference between solar fuels and solar electricity, i.e. solar
photovoltaics, which produce an electrical current that must be used instantly or stored in a battery,
which generally have much lower gravimetric storage densities than liquid fuels. Production of
solar fuels in principle is accomplished by mimicking plants in “artificial photosynthesis™.!! This
process is essentially a series of redox reactions in which water is oxidized to oxygen and either
protons are reduced to hydrogen gas or carbon dioxide is reduced to a carbonaceous fuel. Light
absorption by chromophores drives ET and HT in these redox processes. Thus, light energy is
transformed into chemical energy. Due to the numerous challenges of integrating reductive and
oxidative chemistry into a single device, researchers have primarily focused on either the reductive
or oxidative side of the overall reaction in isolation, using sacrificial reagents to complete the redox
cycle.

1.4.1 Carbon dioxide reduction

Carbon dioxide (CO») is one of the main “greenhouse gases” driving the increase in global
average temperatures. It is the most oxidized form of carbon, produced when a fuel has been fully
oxidized (burned). Reducing COx> results in compounds that can be burned to release the energy
expended in the reductive process. Therefore, the reduction of CO; driven by sunlight could
produce a “carbon-neutral” cycle in which no net CO; is released into the atmosphere, and the
ultimate source of energy is sunlight (the “fossil fuels” currently used are technically a form of
this cycle, but with the timescale of consumption rapidly outpacing that of production). CO>

reduction is considered by some to be a better long-term target for solar fuels than proton reduction
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to hydrogen gas, as CO; could potentially be reduced to methanol, which as a liquid would be
much easier to store than hydrogen.

However, CO> reduction is an inherently challenging process. The formal one-electron
reduction potential is approximately -2.0 V vs. SCE, primarily due to an unfavorably change in
geometry from planar to bent upon reduction to the radical anion.'® Multielectron reduction
coupled to proton transfer results in much more favorable reduction potentials; for example, the
two-electron, two-proton reduction of CO> to CO is -0.70 V vs. SCE, and the six-electron, six-
proton reduction of CO; to methanol is -0.38 V vs SCE.!® Unfortunately, the need for multiple
electron and proton transfers results in significant kinetic limitations that make the overall process
quite challenging in practice. Heterogeneous!® and homogeneous?’ catalysts have been developed
to lower the energy barriers for these processes.

1.4.2  Photosensitization of catalysts

As many COz reduction catalysts typically do not absorb significant amounts of visible light,
chromophores can be used to “photosensitize” catalysts via ET (in tandem with a sacrificial hole
quencher to regenerate the chromophore).!’> 2° As mentioned in Section 1.3.2, successful ET
requires AGer < 0. Due to the aforementioned high reduction potential of CO», catalysts for CO:
reduction typically have high reduction potentials. Even if the mechanism of reduction involves
thermodynamically less challenging proton-coupled electron transfer, high overpotentials are
typically required, likely due to the difficulty of initial electron transfer to CO> or instability of
intermediates.!® 2! The high reduction potentials of these catalysts limit the choice of
chromophores to those capable of transferring elections to these species. This will be further

discussed in specific contexts in Chapters 2 and 3.
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1.5. Supramolecular chemistry

Supramolecular chemistry is most simply and broadly defined as “chemistry beyond the
molecule”.?? Tt involves the design of molecules and/or experimental conditions such that “self-
assembly” can occur, that is, molecules will spontaneously order themselves to create
“supramolecular” structures. This can be accomplished via a variety of motifs, including but not
limited to hydrogen bonding, solvophobic effects, and electrostatic attraction.?* The assembly of
molecules into larger ordered structures can often result in emergent properties that do not exist in
the monomeric ensemble.?* Self-assembled systems have been also been designed using
nanoparticles.?’> The use of organic dyes and QDs in self-assembled systems are briefly discussed

below.

1.5.1 Self-assembly of organic aromatic dye molecules

The self-assembly of organic aromatic dye molecules has generally been accomplished by
taking advantage of m—m stacking between aromatic molecules in addition to controlling the
solubility of these molecules by judicious choice of hydrophobic or hydrophilic tail moieties.>* 26
The self-assembly of perylene-based molecules, particularly perylene diimides (PDI, also referred
to as perylene bisimides, PBI), have been thoroughly explored in both organic and aqueous

solution.?’

Aggregation of PDI molecules leads to strong electronic coupling within
supramolecular stacks, which has been exploited for a number of applications, as further discussed

in Chapter 2.
1.5.2  Self-assembly of QDs

Numerous schemes have been developed to controllably form supramolecular assemblies of
QDs.? Ditopic ligands are often used, particularly when growing films, to covalently link QDs

together. Electrostatic approaches have also been used to attract QDs of different charges to each
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other.?® Adding a bridging metal ion such as Zn?>* can assemble QDs capped with carboxylate
ligands.? Self-assembly of QDs of different size can result in efficient energy transfer (EnT) to
specific sites, an important design principle in solar energy conversion systems.*°

The self-assembly of QDs with specific molecules, particularly catalysts, is another goal of
supramolecular QD systems. QDs have been linked to homogeneous carbon dioxide reduction
catalysts by electrostatic assembly.?!-3 Our efforts towards characterizing a QD-catalyst assembly

will discussed in Chapter 3.

1.6. Dissertation Qutline

This dissertation explores the use of organic and semiconductor photosensitizers in
photocatalytic CO reduction and EnT-sensitized reactions, focusing on the potential advantages
conveyed by self-assembly as well as catalyst and substrate interactions with QD surfaces. Chapter
2 describes the synthesis and self-assembly of novel chromophores and their use as
photosensitizers of an iron porphyrin CO> reduction catalyst. Chapter 3 discusses efforts towards
the characterization of a possible binding interaction between the surface of CulnS>@ZnS QDs
and an iron porphyrin CO; reduction catalyst. In Chapter 4, efforts towards the development of an
EnT-sensitized aza Paterno-Buchi reaction between olefins and imines enabled by substrate
binding to QD surfaces are presented. Finally, concluding remarks and some future directions are

given in Chapter 5.
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2.1. Chapter Summary

This chapter describes the synthesis of novel N-annulated perylene chromophore amphiphiles,
their self-assembly in aqueous solution, and their usage in photosensitizing an iron porphyrin CO;
reduction catalyst. First, the previous development of perylene monoimide (PMI) chromophore
amphiphiles for use as photosensitizers of proton reduction catalysts is discussed, highlighting the
advantages provided by self-assembly in that system. The challenges of CO; reduction relative to
proton reduction (discussed in section 1.4.2) are briefly reiterated to demonstrate motivation for a
new class of perylene chromophore amphiphiles based on the N-annulated perylene core. The
synthesis of these molecules is reported, followed by characterization of their self-assembly in
aqueous solution and photosensitization of an iron porphyrin catalyst. This work shows that
amphiphilic N-annulated perylene derivatives can self-assemble in aqueous solution, but that
differences in the structure of the aromatic core significantly change the stacking arrangement of
the perylenes, which affects the strength of intermolecular electronic coupling and may decrease
their effectiveness as photosensitizers in photocatalytic schemes, though further work is required
to make definitive conclusions.
2.2. Introduction

As discussed in section 1.5, self-assembly is one strategy that has been pursued to mitigate the
fast charge recombination of organic dyes by promoting exciton diffusion through aggregated dye
stacks. Previously, Stupp et al. synthesized amphiphilic PMI chromophores, which formed long
nanoribbons with crystalline domains when dissolved in aqueous solution.** These PMI assemblies
were found to exhibit strong electronic coupling, likely in part due to their highly ordered nature,
and were efficient photosensitizers of a homogeneous nickel proton reduction catalyst. Further

work found that modification of the length of the water-solubilizing alkylcarboxylate tail had a
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strong effect on the extent of electronic coupling and morphology of the nanostructures formed
and established a positive correlation between strong electronic coupling and effectiveness in
photosensitization of the nickel proton reduction catalyst.>> The PMI aromatic core could also be
modified with various alkylamine tails at the 9-position, resulting in further variation in electronic
coupling and morphology.3® Theoretical work established that strong electronic coupling between
PMI monomers was the result of mixing between bright localized Frenkel excitons and dark charge
transfer excitons, and that the high dielectric environment (aqueous solution) enabled enhanced
exciton diffusion and charge separation within the PMI stacks.’

While these PMI assemblies efficiently photosensitize proton reduction catalysts, they do not
have enough driving force to photosensitize CO; reduction catalysts, which as discussed in Section
1.4.1 can only be photosensitized by chromophores with high reduction potentials.
Unfunctionalized perylene is significantly more reducing than PMI, which has a lower reduction
potential due to the electron-withdrawing monoimide functional group. N-annulation of the
perylene core at the bay position results in a visible-light absorbing aromatic core that still retains
a relatively high LUMO capable of reducing the iron porphyrin CO; reduction catalyst 5,10,15,20-
tetra(4’-N,N, N-trimethylanilinium) porphyrin pentachloride (FeTMA).*® It was hypothesized that
the advantageous features of amphiphilic PMI assemblies could be reproduced using the N-
annulated perylene core, which is easily be functionalized by Sy2 alkylation.’® A series of these
molecules was synthesized, and their self-assembly in aqueous solution and photosensitization of

FeTMA was studied.
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2.3. Results and Discussion

2.3.1 Synthesis of N-annulated perylene amphiphiles

HN03 NO, POE‘a ‘(v)JLOMe -(’)JL NaOH -H)L
O'Na*
dloxane 082003 THF: MeOH H,0
90°C DMF
25-30 min
n=1-7

30%

Figure 2.1. Synthesis of N-annulated perylene amphiphiles.

The N-annulated perylene core was synthesized via existing literature procedures (Figure 2.1,
first two steps).’® 40 Unfunctionalized perylene was treated with concentrated nitric acid in hot
dioxane, leading to a mixture of 1- and 3-nitroperylene isomers, which could be separated by
column chromatography. Pure 1-nitroperylene was refluxed in neat triethylphosphite, leading to a
reductive cyclization via the Cadogan reaction. The N-annulated product conveniently crystallized
from solution when cooled to room temperature. Nucleophilic addition of esterified carboxyalkyl
tails containing 1 to 7 methylene units were easily added in the presence of cesium carbonate in
N, N-dimethylformamide solution.*® After column purification, the methyl ester was cleaved with
sodium hydroxide to yield a water-soluble N-annulated perylene amphiphile, which will be
referred to as Ln, where n is the number of methylene groups between the core and the carboxylate
group.

2.3.2 Self-assembly of N-annulated perylene amphiphiles

N-annulated perylene amphiphiles were dissolved in aqueous solution by suspending the free

carboxylic acid in water and adding 1-2 equivalents of sodium hydroxide to deprotonate the acid.

The UV-vis spectra of compounds L1-L7 dissolved in aqueous solution, as well as a representative
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spectrum of these compounds in
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aromatic molecules dissolved in Figure 2.2. UV-vis spectra of "monomer" (black, L5 dissolved in
organic solvent, DMSO), and N-annulated perylene amphiphiles L1-L7

aqueous solution® Unlike PMI dissolved in basic aqueous solution.

amphiphile assemblies, both the wavelength shift and changes in peak intensity are relatively

small, suggesting only weak electronic coupling between N-annulated perylene units.
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Figure 2.3. Two views of crystal structure of L1, grown from slow evaporation of DMSO.

Further insight into the reason for weak electronic coupling was found in the crystal structure
of the free acid of L1, grown by slow evaporation of DMSO. While not an exact comparison, the
crystal structure suggests a preferred packing arrangement for the aromatic N-annulated perylene

core. As shown in Figure 2.3, the N-annulated perylene core appears to prefer packing in a
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Figure 2.4. TEM images of (clockwise from top left) L1, L2, L4, L7, and L5, aqueous solutions deposited directly on
TEM grids.

herringbone shape. This packing arrangement has been observed in the crystal structure of
perylene and similar molecules and is related to a favorable side to face interaction between
aromatic units.*! Some face to face n—n stacking can be observed but does not appear to repeat
over more than two molecules. Overall, the tendency towards herringbone-like stacking is likely
the dominant motif and is probably responsible for weak electronic coupling between the aromatic
molecules.

The self-assembled nanostructures formed by dissolution of L1, L2, L4, L5, and L7 in aqueous
solution were observed by transmission electron microscopy (TEM). In general, long ribbon-like
structures were formed as shown in Figure 2.4. L3 and LS were also observed by cryogenic TEM,

shown in Figure 2.6, which avoids drying effects that could lead to the false appearance of
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Figure 2.5. SEM image of hydrogel formed by addition of 300 mM CaClz to 5 mM LS5 aqueous solution;
photographs of solution before and after CaCl. addition (top right inset)

nanostructures. These data confirm that N-annulated perylene amphiphiles assemble into extended
ribbon-like nanostructures in aqueous solution.

The extended nanostructures formed by L5 were able to form hydrogels by addition of a
positively charged crosslinking agent such as Ca?". Images of a solution of L5 before and after
CaCl, addition are shown in the inset of Figure 2.5. The microstructure of these gels was
investigated by scanning electron microscopy (SEM). As shown in Figure 2.5, L5 appears to form

a network of bundled fibrous structures when exposed to CaCl,. The divalent Ca** likely results

Figure 2.6. Cryogenic TEM images of L3 and L5 in aqueous solution.
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in aggregation of the ribbons formed by L5 in aqueous solution (as observed by TEM in Figure
2.4 and 2.6), as well as linking these bundles together to create a gel network. The network appears
to be easily broken, which is unsurprising given that the fibers are composed of supramolecular
polymers, held together only by noncovalent forces. L1-L.4 and L6-L7 also showed promise for

gelation through visual inspection after Ca?* addition but were not further explored.

2.3.3 Photosensitization of CO: reduction catalyst
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Figure 2.7. Photoluminescence spectra of L5 without FeTMA
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porphyrin using existing procedures.42 Figure 2.8. Photocatalytic CO and Hz production by
L5 + FeTMA or FeTMA only, both with 50 mM
sodium ascorbate and 100 mM NaHCOs in a 1-mL
COz-degassed aqueous solution, illuminated with a
white light for 2 days.

Photoluminescence quenching, shown in Figure
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2.7, reveals that FeTMA quenches the luminescence of L5, suggesting that electron transfer from
LS5 to FeTMA is occuring. However, due to spectral overlap between the luminescence of L5 and
the absorbance of FeTMA, energy transfer could also be responsible for some or all the observed
quenching.

Photocatalysis experiments were performed

w
o
1

in aqueous solution, with product formation (CO

and H») measured by gas chromatography (GC).

N
o
1

All samples contained 1 mM of LS chromophore,

-
o
1

5 uM FeTMA, and 50 mM sodium ascorbate.

TON (mol. prod./mol cat.)

Some variations were made in an attempt to

0+

L5 + FeTMA FeTMA only

optimize the system. In aqueous solution, Figure 2.9. Photocatalytic CO and Hz production by

L5 + FeTMA or FeTMA only, both with 50 mM
dissolved CO: reacts with water to form carbonic sodium ascorbate in a 1-mL CO:-degassed aqueous
solution, which were adjusted to pH ca. 9.5 after CO2
degassing by NaOH addition, illuminated with a white
light for 2 days.

acid, H.COs, which lowers the pH of the solution
to ca. 4.2 when the solution is saturated by
degassing at atmospheric pressure. Solutions of L5 with sodium ascorbate and FeTMA appeared
to precipitate after CO, degassing, likely due to protonation of the carboxylate group of LS. To
buffer the solution against significant pH decreases, 100 mM NaHCOs was added to the catalytic
solutions, resulting in a final pH of ca. 6.7 and less LS precipitation. These samples were
illuminated for 2 days with a white light, resulting in ca. 30 TON, where TON (turnover number)
= mol CO/mol catalyst, as shown in Figure 2.8. However, as shown in the same figure, samples
containing LS actually performed worse than a control sample containing only FeTMA and
sodium ascorbate. FeTMA has visible absorption that overlaps with the white light lamp emission,

as can be seen by comparison of Figures 2.10 and 2.11 (see Section 2.5), so it is capable of
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photosensitizing itself, as has been reported in the literature.* The lower TON observed in samples
containing L5 could be due to unproductive absorbance by L5 (that does not result in electron
transfer to FeTMA) and/or from light scattering by LS precipitates, which may still be present
despite the use of the NaHCOs buffer. Another approach used to combat the pH issue was to
prepare samples of LS, FeTMA, and sodium ascorbate, degas with CO., leading to L5
precipitation, and then add NaOH to bring the solution pH to ca. 9.5, which re-dissolved LS.
[lluminating these samples with a white light resulted in 24 TON, which was higher than the
control sample without L5, which produced 11 TON, as shown in Figure 2.9. In this case, L5 was
well dissolved and therefore more likely to be able to effectively photosensitize FeTMA. The TON
for the FeTMA only control is likely lower at higher pH because the proposed mechanism for CO»
reduction by this catalyst involves two protons.**

Further work is needed to fully understand and optimize this photocatalytic system. A few
areas of further study are given here. The pH dependence of Ln solubility and self-assembly must
be understood in order to make sure that Ln is actually solubilized and able to interact with
FeTMA in solution. The potential for energy transfer from Ln to FeTMA should also be
considered in more depth and possibly requires redesign of the chromophore or use of a different
catalyst that does not absorb in the region of Ln emission. Finally, a different light source should
be used. From comparison of Figure 2.3, which shows Ln absorption, and Figure 2.12, which
shows the emission spectrum of the white light used in all photocatalysis experiments, it can clearly
be seen that there is little spectral overlap. The use of a blue LED would provide the system with

significantly more usable light and would almost definitely increase performance.
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2.4. Conclusions

Novel N-annulated perylene chromophore amphiphiles were synthesized in good yield. These
molecules self-assembled in aqueous solution to form long ribbon-like nanostructures, which
could form weak gels in the presence of Ca?*. Unlike PMI chromophore amphiphiles, N-annulated
perylene amphiphiles do not appear to exhibit strong electronic coupling, as exhibited by only
minor changes in their UV-vis spectra. Crystal structures of L1 as well as literature structures
suggest that strong edge-to-face interactions are favorable in perylene stacking, which may disrupt
strong coupling. The lack of strong electronic coupling may be responsible for the poor
performance of these molecules as photosensitizers of the CO; reduction catalyst FeTMA, but a
number of mitigating variables, given in the previous section, make it difficult to provide definitive

conclusions regarding photocatalytic performance.
2.5. Experimental Details

2.5.1 Synthesis of compounds

Synthetic characterization

"H NMR spectra were acquired in dimethylsulfoxide-ds using a Varian Inova 500 (500 MHz) or a
Bruker AVANCE III HD (400 MHz). '3C NMR spectra were acquired using a Bruker AVANCE
III (500 MHz, direct cryoprobe). High resolution mass spectrometry was acquired using an Agilent
6210 LC-TOF (ESI).

UV-vis absorption spectroscopy

Spectra were acquired in DMSO or H2O using a Shimadzu UV-1800 UV Spectrophotometer using
a 0.05 mm quartz plate cuvette.

1-nitroperylene
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This procedure involves addition of concentrated nitric acid to a hot solution at a relatively large
scale and was therefore cautiously performed behind a blast shield. A slightly modified literature
procedure was used.’® 4 5 g of perylene was suspended in 200 mL of 1,4-dioxane, and the mixture
was sonicated and heated to 100 °C until most of the perylene dissolved. A mixture of 4 mL H>O
and 2.5 mL fuming nitric acid was added dropwise to the hot solution. The solution was stirred at
100 °C for 20-30 minutes or until very dark red. The solution was then cooled to room temperature
and poured into approximately 3 L of cold water and either collected by vacuum filtration or
extracted with dichloromethane (DCM). The crude mixture was purified by column
chromatography on silica (25% dichloromethane in hexanes) to afford 1-nitroperylene in ~30%
yield. 'H NMR (500 MHz, DMSO-ds) 6 8.51 (dd, J = 17.6, 7.5 Hz, 2H), 8.02 — 7.92 (m, 4H), 7.80
(dd, J=8.8, 1.6 Hz, 1H), 7.77 - 7.70 (m, 2H), 7.66 (td, J= 7.8, 1.6 Hz, 1H), 7.56 (td, J=7.9, 1.6
Hz, 1H).

N-annulated perylene

A modified literature procedure was followed.*® 1-nitroperylene was dissolved in 5-10 mL of neat
triethylphosphite (POEt3) and refluxed at 175 °C overnight. The solution was cooled to room
temperature and the resulting orange-yellow crystalline precipitate was collected on filter paper
and washed with cold petroleum ether. The product was used in subsequent synthetic steps without
further purification. "H NMR (400 MHz, DMSO-ds) & 12.15 (s, 1H), 8.71 (dd, J = 7.6, 0.6 Hz,
2H), 8.14 (d, J= 8.0 Hz, 2H), 7.96 — 7.89 (m, 4H), 7.81 — 7.76 (m, 2H).

General procedure for esterification of bromoalkylcarboxylic acids

Bromoalkylcarboxylic acid (1 g, 1 equiv) was dissolved in 10 mL of methanol and cooled to 0 °C
in an ice bath, then 2-3 equiv SOCI, were slowly added dropwise. The solution was allowed to

warm to room temperature and was stirred overnight. The solvent was removed by rotary
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evaporation, and the residue was dissolved in ethyl acetate and washed with sat. NaHCO3 and sat.
NaCl. The organic layer was dried over Na>SOs, then the solvent was removed by rotary
evaporation to afford an oil or liquid product, which was typically used without further
purification.

General procedure for attachment of bromoalkanoate methyl esters to N-annulated perylene
N-annulated perylene (250 mg, 0.94 mmol, 1 equiv) was dissolved in N, N-dimethylformamide
(DMF). Three equivalents of cesium carbonate (Cs2COs3) were added, and a slight darkening of
the solution was observed. The appropriate bromoalkanoate methyl ester (2 equiv) was separately
dissolved in approximately 5 mL of DMF and slowly added to the perylene solution. The solution
was stirred in the dark at room temperature overnight, then poured into approximately 300 mL of
1 M HCI, typically affording a yellow precipitate that was collected by vacuum filtration. Longer
tail length compounds gave oils, which were more easily obtained by extraction of the DMF/HCI
mixture with ethyl acetate or dichloromethane. The product was purified by column
chromatography on silica (typically ~1:1 dichloromethane:hexanes) and obtained in >85% yield.
General procedure for cleavage of N-annulated perylene methyl ester

NannPerLnCOOMe was dissolved in 1:1:1 THF:MeOH:[4 M NaOH in H,O] at ~2.5 mg/mL and
stirred at room temperature for approximately 4 h. THF and MeOH were removed by rotary
evaporation, then the solution was acidified with 1 M HCI, affording a yellow precipitate that was
collected by vacuum filtration, washed with warm H>O and dried under vacuum.
NannPerL1COOMe

'"H NMR (500 MHz, CDCl3) & 8.63 (d, J = 7.5 Hz, 2H), 8.11 (d, J = 8.0 Hz, 2H), 7.92 (d, J = 8.8

Hz, 2H), 7.81 (t, J = 7.8 Hz, 2H), 7.74 (d, J = 8.7 Hz, 2H), 5.41 (s, 2H). 13C NMR (125 MHz,
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CDCls) 6 169.1, 132.2, 130.5, 129.1, 125.2, 124.9, 124.8, 124.1, 120.9, 117.9, 112.7, 52.7, 47.0.
HR-MS (ESI) m/z [M+H]": 338.1178 (calc. for C23HisNO2": 338.1176).

NannPerL2COOMe

'"H NMR (400 MHz, CDCl3) & 8.61 (d, J = 7.5 Hz, 2H), 8.09 (d, J= 8.0 Hz, 2H), 7.90 (d, /= 8.8
Hz, 2H), 7.83 — 7.75 (m, 4H), 5.01 (t, J = 6.8 Hz, 2H), 3.58 (s, 3H), 3.06 (t, J = 6.8 Hz, 2H). *C
NMR (125 MHz, CDCI3) & 171.6, 131.6, 130.4, 128.9, 125.1, 124.8, 124.7, 123.8, 120.7, 117.7,
113.2,52.0, 41.4, 35.6. HR-MS (ESI) m/z [M+H]": 352.1337 (calc. for C24HsNO>": 352.1332).
NannPerL3COOMe

'"H NMR (400 MHz, CDCl3) & 8.63 (d, J= 7.5 Hz, 2H), 8.10 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 8.7
Hz, 2H), 7.82 — 7.75 (m, 4H), 4.79 (t, J = 6.7 Hz, 2H), 3.62 (d, J = 0.5 Hz, 3H), 2.47 — 2.37 (m,
2H), 2.34 —2.28 (m, 2H). 3*C NMR (125 MHz, CDCl3) § 173.2, 131.8, 130.4, 128.8, 125.0, 124.8,
124.6, 123.8, 120.8, 117.5, 113.1, 51.7, 44.6, 30.8, 26.2. HR-MS (ESI) m/z [M+H]": 366.1494
(calc. for C2sH20NO2": 366.14809).

NannPerL4COOMe

'"H NMR (400 MHz, CDCl3) & 8.63 (d, J = 7.5 Hz, 2H), 8.10 (d, J= 8.0 Hz, 2H), 7.90 (d, /= 8.8
Hz, 2H), 7.79 (dd, J= 8.2, 7.3 Hz, 4H), 4.72 (t, J = 6.9 Hz, 2H), 3.59 (s, 3H), 2.31 (t,J = 7.3 Hz,
2H), 2.19 - 2.09 (m, 2H), 1.76 — 1.65 (m, 2H). 3C NMR (125 MHz, CDCl3) § 173.5, 131.8, 130.4,
128.8, 125.0, 124.8, 124.6, 123.7, 120.7, 117.5, 113.2, 51.6, 45.5, 33.5, 30.6, 22.5. HR-MS (ESI)
m/z [M+H]": 380.1646 (calc. for C26H22NO:": 380.1645)

NannPerL5COOMe

'"H NMR (500 MHz, CDCl3) & 8.68 (dd, J= 7.9, 2.4 Hz, 2H), 8.18 — 8.12 (m, 2H), 7.95 (dd, J =
8.8,2.4 Hz, 2H), 7.83 (td, J = 8.0, 2.2 Hz, 4H), 4.81 — 4.70 (m, 2H), 3.63 (d, /= 2.9 Hz, 3H), 2.28

(t, J= 7.8 Hz, 2H), 2.20 — 2.11 (m, 2H), 1.71 (p, J = 7.7 Hz, 2H), 1.44 (dp, J = 13.6, 7.8 Hz, 2H).
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3C NMR (125 MHz, CDCl3) 8 173.9, 131.8, 130.4, 128.8, 125.0, 124.9, 124.5, 123.7, 120.7,
117.5, 113.3, 51.5, 45.6, 33.8, 30.9, 26.6, 24.6. HR-MS (ESI) m/z [M+H]": 394.1809 (calc. for
C27H24NO2": 394.1802)

NannPerL6COOMe

'"H NMR (400 MHz, CDCl3) & 8.64 (d, J = 7.5 Hz, 2H), 8.11 (d, J= 8.0 Hz, 2H), 7.91 (d, /= 8.8
Hz, 2H), 7.83 — 7.76 (m, 4H), 4.70 (t, J = 6.9 Hz, 2H), 3.60 (s, 3H), 2.23 (t, J= 7.4 Hz, 2H), 2.16
—2.04 (m, 2H), 1.56 (dt, J=11.9, 6.2 Hz, 2H), 1.37 (dq, /= 7.0, 3.5 Hz, 4H). *C NMR (125 MHz,
CDCl3) 6 174.0, 131.9, 130.3, 128.8, 125.0, 124.9, 124.5, 123.7, 120.7, 117.4, 113.3, 53.4, 51.5,
45.7,33.9, 31.0, 30.9, 28.8, 26.8, 24.7.

NannPerL7COOMe

'"H NMR (500 MHz, CDCl3) 4 8.65 (dd, J= 7.6, 1.6 Hz, 2H), 8.13 (dd, J = 8.1, 1.6 Hz, 2H), 7.92
(dd,J=8.7,1.6 Hz, 2H), 7.84 —7.77 (m, 4H), 4.70 (td, /= 7.0, 1.7 Hz, 2H), 3.63 (s, 3H), 2.24 (td,
J=1.5,1.6 Hz, 2H), 2.10 (m, J = 7.2 Hz, 2H), 1.61 — 1.53 (m, 2H), 1.44 — 1.31 (m, 4H), 1.30 —
1.22 (m, 2H).

NannPerL1COOH (L1)

"H NMR (500 MHz, DMSO-ds) 6 13.17 (s, 1H), 8.76 (d, /= 7.5 Hz, 2H), 8.18 (d, /= 8.0 Hz, 2H),
8.02 (d, J= 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.82 (t, J = 7.8 Hz, 2H), 5.68 (s, 2H). *C NMR
(125 MHz, DMSO-de) 6 171.1, 132.8, 130.1, 128.9, 125.7, 125.3, 124.4, 124.1, 121.5, 117.0,
114.9, 47.0.

NannPerL2COOH (L2)

'"H NMR (400 MHz, DMSO-ds) 6 12.35 (s, 1H), 8.73 (d, /= 7.5 Hz, 2H), 8.16 (d, /= 8.0 Hz, 2H),
8.06 (d, J=8.8 Hz, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.80 (t, J = 7.8 Hz, 2H), 5.03 (t, J = 6.6 Hz, 2H),

3.00 (t, J = 6.6 Hz, 2H).
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NannPerL3COOH (L3)

'"H NMR (400 MHz, DMSO-ds) 8 8.74 (d, J = 7.5 Hz, 2H), 8.16 (d, J = 8.0 Hz, 2H), 8.03 (d, J =
8.8 Hz, 2H), 7.95 (d, J = 8.8 Hz, 2H), 7.80 (t, /= 7.8 Hz, 2H), 4.87 — 4.80 (m, 2H), 2.23 (dd, J =
4.7, 3.0 Hz, 4H). 3C NMR (125 MHz, DMSO-ds) & 174.4, 132.1, 130.0, 128.8, 125.6, 125.2,
124.5,124.1, 121.5, 116.8, 114.8, 49.1, 44.8, 26.7.

NannPerL4COOH (L4)

"H NMR (500 MHz, DMSO-ds) 6 11.95 (s, 1H), 8.78 (d, /= 7.3 Hz, 2H), 8.20 (d, /= 8.0 Hz, 2H),
8.12 —8.06 (m, 2H), 8.01 — 7.96 (m, 2H), 7.87 — 7.81 (m, 2H), 4.86 (t, /= 6.9 Hz, 2H), 2.26 (t, J
=7.5Hz, 2H), 2.06 (t,J = 7.7 Hz, 2H), 1.55 (p, J= 7.7 Hz, 2H).

NannPerL5COOH (L5)

"H NMR (500 MHz, DMSO-ds) 6 11.94 (s, 1H), 8.76 (d, /= 7.5 Hz, 2H), 8.18 (d, /= 8.0 Hz, 2H),
8.06 (d, J=8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.82 (t, J = 7.8 Hz, 2H), 4.81 (t, J= 6.9 Hz, 2H),
2.13 (t,J=7.3 Hz, 2H), 2.03 (p, /= 7.1 Hz, 2H), 1.54 (p, J= 7.5 Hz, 2H), 1.31 (tt, J=9.8, 6.3 Hz,
2H).

NannPerL6COOH (L6)

"H NMR (400 MHz, DMSO-ds) 6 11.91 (s, 1H), 8.73 (d, /= 7.5 Hz, 2H), 8.15 (d, /= 8.0 Hz, 2H),
8.02 (d,J=8.8 Hz, 2H), 7.93 (d, /= 8.8 Hz, 2H), 7.79 (t, /= 7.8 Hz, 2H), 4.77 (t,J = 6.9 Hz, 2H),
2.09 (t,J=17.2 Hz, 2H), 1.97 (p, J= 7.0 Hz, 2H), 1.37 (tq, J = 10.2, 5.1, 3.2 Hz, 2H), 1.27 (m, J =
4.1,3.2 Hz, 4H).

NannPerL7COOH (L7)

'"H NMR (400 MHz, DMSO-ds) 8 8.74 (d, J = 7.5 Hz, 2H), 8.16 (d, J = 8.0 Hz, 2H), 8.04 (d, J =
8.8 Hz, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.80 (t, J = 7.8 Hz, 2H), 4.79 (t, J = 6.9 Hz, 2H), 2.08 (t, J

= 7.4 Hz, 2H), 1.99 (t, J = 7.0 Hz, 2H), 1.38 (p, J = 7.4 Hz, 2H), 1.26 (dd, J = 6.7, 3.2 Hz, 4H),
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1.19 — 1.10 (m, 2H). *C NMR (125 MHz, CDCl3) & 174.5, 131.6, 129.5, 128.3, 125.2, 124.7,
124.0, 123.6, 121.0, 116.3, 114.4, 45.1, 33.7, 30.7, 28.5, 28.3, 26.3, 24.4.

Iron™ 5,10,15,20-Tetra (4'-N,N,N-Trimethylanilinium) Porphyrin Pentachloride (FeTMA)

The commercially available free-base porphyrin 5,10,15,20-Tetra (4’-N,N,N-Trimethylanilinium)
porphyrin tetrachloride (Frontier Scientific) was metalated using an existing literature procedure*?
and characterized by UV-vis spectroscopy as shown in Figure 2.10.

UV-vis spectrum of FeTMA in aqueous solution
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Figure 2.10. UV-vis absorbance spectrum of FeTMA in aqueous
solution.

Transmission electron microscopy

Transmission electron microscopy imaging was performed on a JEOL 1230 microscope, operating
at 100 kV. A ca. 7 uL droplet was placed on a lacey carbon copper grid (Electron Microscopy
Science) and allowed to evaporate. The grid was then stained with 10 pL of 1 wt % uranyl acetate.
The images were recorded with an AMT camera system.

Cryogenic transmission electron microscopy
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Cryogenic transmission electron microscopy imaging was performed on a JEOL 1230 microscope,
operating at 100 kV. A ca. 7 puL droplet was placed on a lacey carbon copper grid (Electron
Microscopy Science). The grid was held by tweezers mounted on a Vitrobot Mark IV equipped
with a controlled humidity and temperature environment. The temperature was set to 24 °C and
humidity was held at 90%. The specimen was blotted and plunged into a liquid ethane reservoir
cooled by liquid nitrogen. The vitrified samples were transferred to a Gatan 626 cryo-holder
through a cryo-transfer stage cooled by liquid nitrogen. During observation of the vitrified
samples, the cryo-holder temperature was maintained below -180 °C. The images were recorded
with a CCD camera.

Scanning electron microscopy

SEM was performed on a Hitachi S-4800 II SEM. The samples were dried using COz critical point
drying. The samples were placed in a metallic cage and soaked in 25% ethanol/water solutions for
10 minutes. This process was repeated with 50, 60, 70, 80, 90, 95, and 100% ethanol solutions.
The ethanol exchanged samples were then critical point dried with supercritical CO> for 10 minutes
using a Tousimis Samdri 795. Samples were placed on a carbon tape-coated aluminum stub and
coated with 20 nm osmium metal using a Filgen Osmium Plasma Coater OPC60A.

Photocatalysis
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The following describes the general procedure used for performing photocatalysis experiments. A
I-mL aqueous solution was prepared containing 1 mM chromophore, 5 uM FeTMA, 50 mM
sodium ascorbate, 100 mM NaHCOs (in some cases, see section 2.3.3). The solution was sealed

in an 8.5-mL vial with septum screw top

1.0 1
cap and degassed with CO» for 10 minutes, g ]
) ) ‘w 0.8
after which NaOH was added in some g ]
, . w 0.6
experiments to adjust the pH. The samples 3 |
El 0.4
were then illuminated with a white light g o
. S 0.2
source for two days. The emission < |
. . . 0.0

spectrum of this light source is shown in
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Figure 2.11. Emission of white light source used in
photocatalysis experiments.

Figure 2.11. After illumination, the vial

headspace gases were identified and quantified using gas chromatography (Shimadzu GC-2014,
ShinCarbon ST column, Ar carrier gas, TCD detector) by injection of 500 uL of the headspace gas

and comparison of the resulting peak areas to a calibration curve.
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Chapter 3 : Investigating the interaction
between CulnS;@ZnS quantum dots and an
iron porphyrin CO; reduction catalyst
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3.1. Chapter Summary

This chapter describes the investigation of potential binding interactions between an iron
porphyrin CO> reduction catalyst (FeTPP) and mercaptopropanol (MPO)-capped CulnS@ZnS
(CIS) QDs. Motivated by previous observation of ultrafast electron transfer from CIS QDs to
FeTPP, 'H NMR, UV-vis, and X-ray spectroscopies as well as cyclic voltammetry were used to
probe the possibility of a nonspecific hydrophobic interaction between CIS QDs and FeTPP. The
data clearly indicate that CIS QD solutions, which contain both bound and free MPO, chemically
reduce the iron center of FeTPP from Fe'! to Fe!! (in the dark), and that FeTPP dimerization can
occur under some conditions. Firm NMR spectroscopic evidence for FeTPP binding to CIS QD
surfaces could not be obtained, generally due to complications resulting from the paramagnetic
iron center. Experiments with a diamagnetic ZnTPP analog suggest but do not prove that a
nonspecific hydrophobic interaction between FeTPP and CIS QDs could occur, but more
experiments are needed to make stronger conclusions.
3.2. Introduction

As discussed in Chapter 1, photocatalytic CO; reduction is a key component in the overall
generation of solar fuels, but has numerous inherent challenges, one of which is efficient charge
transfer from photosensitizer to CO; reduction catalyst. One method to increase the rate of charge
transfer is supramolecular assembly, which in this case aims to co-localize photosensitizer and
catalyst via non-covalent forces such as electrostatic attraction or hydrophobic collapse.

QDs have emerged as viable photosensitizer candidates for CO> reduction due to their high
absorption cross-sections in the visible region and tunable surface chemistry.!? In particular,
CulnS;@7ZnS QDs (CIS QDs) are promising candidates due to the aforementioned features as well

as their high reduction potentials (ca. -2.4 V vs. SCE) which generate a strong driving force for
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electron transfer to catalysts, and potential lower toxicity relative to other QDs, which typically
contain cadmium or lead.

Recently, Weiss et al. used CIS QDs to photosensitize an iron porphyrin CO; reduction
catalyst, iron tetraphenylporphyrin (FeTPP), in dimethylsulfoxide (DMSO) solution.*¢ In terms of
turnovers of CO per photon absorbed, the system was considerably more efficient than similar
published systems employing FeTPP and transition-metal complexes or organic dyes as
photosensitizers.*’ Transient absorption spectroscopy suggested that extremely fast electron
transfer from CIS QDs to FeTPP was occurring, on the order of <200 fs. This is considerably faster
than the timescale of diffusion in the system, therefore suggesting that FeTPP is likely bound to
the surface of CIS QDs. We wished to probe this interaction more closely to determine the mode
of interaction, if any, between CIS QDs and FeTPP. Before presenting the results, some relevant
key characteristics of FeTPP are reviewed.

3.2.1 Characteristics of iron tetraphenylporphyrin

FeTPP has been thoroughly studied since the 1960s,*® first as a hemin analog*->° before it
found use as an efficient homogeneous CO» reduction electrocatalyst,>!->? with high selectivity for
the two electron, two proton reduction of CO; to CO over other carbonaceous products or hydrogen
evolution. Its features particularly relevant to our results will be discussed here; for additional
information the reader is referred to other texts.> FeTPP is typically prepared as [Fe'(TPP)CI],
where TPP is the doubly deprotonated 5,10,15,20-meso-tetraphenylporphyrin ring that carries a -
2 charge. In polar solvents such as DMSO and N, N-dimethylformamide (DMF), the chloride anion
typically dissociates,>* resulting in [Fe!"(TPP)]*, which tends to quickly bind a solvent molecule,

forming [Fe"(TPP)(solv)]".
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Both electro- and photochemical 5]
CO; reduction with FeTPP proceeds via
three successive reductions of the g_ 0-
initially prepared [Fe''TPP(solv)]*CI E .
species.”  These reductions are 3
observed by cyclic voltammetry (CV) -10

as shown in Figure 3.1. The first 20 15 10 05

reduction is metal-centered and Potential vs. SCE (V)

. . .. i Figure 3.1. Cyclic voltammogram of 1 mM FeTPP dissolved
involves dissociation of CI- and/or solvent, ;, DMF, with 100 mM TBAPFs supporting clectrolyte,
collected at 50 mV/s using a glassy carbon working electrode,
resulting in the formation of four- Ptcounter electrode, and Ag wire pseudoreference (a ferrocene
internal standard was used and the value converted to SCE).
coordinate Fe'TPP. The nature of the
subsequent two reductions has been debated in the literature, with some thinking them to be metal-
centered, resulting in [Fe’(TPP)]* and others presenting evidence that they are ligand-centered,
resulting in [Fe'TPP)*]*, where the TPP has accepted both electrons and now has a total -4
charge.’® As can be seen from the voltammogram in Figure 3.1, Fe'"TPP is reduced to Fe''TPP at
arelatively low potential. Thiols have been commonly used to perform this reduction chemically.’’
If the thiol is deprotonated to a thiolate, it may weakly bind to Fe"'TPP, forming [Fe"TPP(RS")]".
An overall summary of these interactions is given in Scheme 3.1.
Porphyrins exhibit strong visible-light absorption. Their most intense visible band is called the
Soret band, located around 400-420 nm. The Soret band shifts when the porphyrin is metalated
and is diagnostic of the oxidation state of the complex. Porphyrins also exhibit a number of lower

energy bands called Q bands, which are often complicated but can sometimes be used to identify

coordination and/or oxidation states. While the Soret band has a high molar absorptivity, it is
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relatively narrow and only absorbs blue light, while the Q bands have significantly lower oscillator

strength. Photosensitization by QDs or other appropriate light-absorbing species is therefore

desirable in order to absorb more visible light (and thus harness more energy in that spectral range).
Due to the iron metal center, — - [FeIHTPP]zO

FeTPP is paramagnetic at all I

oxidation states. This makes it ' base acid

challenging, but not impossible, O,

i [Fe'TPPCl] —=—" [Fe!'TPP(solv)]*CI
to study by NMR spectroscopy,
RSH or RS'BA*

as unpaired electrons interact |

/

with nuclear spins, resulting in beeee- [Fel'TPP] —— [Fe!lTPP(RS)] BA*
(if RS'BA™* used)

significant broadening and/or line
Scheme 3.1. Diagram of common oxidation states and ligand coordination

shifts. 5 58 of FeTPP in polar solvents.

FeTPP is also prone to dimerization to the p-oxo dimer [Fe'TPP],0, two FeTPP units bridged
by an Fe-O-Fe bond.*® This dimer is formed by either i) treatment of Fe''"TPP with base or ii) the
oxidation of Fe''TPP by oxygen to form a peroxo dimer that rapids decomposes to the oxo dimer.
The dimer has a slightly blue-shifted Soret band due to weak coupling between the two porphyrin
units, and also exhibits changes in the Q bands. The electrochemical properties of the dimer are
slightly different than the monomer,> as will be further discussed later. Scheme 3.1 summarizes
these interactions.

3.2.2 Investigation of FeTPP-QD binding interactions

This work aimed to further investigate the existence and nature of any interactions between

FeTPP and CIS QDs that would explain the previous observation of sub-diffusional electron

transfer from QDs to FeTPP.* We hypothesized that the most likely mode of interaction was a
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nonspecific solvophobic interaction, because 1) the rigid planar geometry and © system of FeTPP
is not highly soluble in DMF or DMSO and ii) there is no obvious mode of coordination of FeTPP
to QDs besides coordination of the hydroxyl group of MPO to the iron center, but that interaction
is known to be very weak. We investigated this potential interaction via UV-vis, 'H NMR and 7>
relaxation '"H NMR experiments, and in-situ electrochemical X-ray absorbance near edge
spectroscopy (XANES). We were unable to confirm any binding interaction between FeTPP and
QDs but did find that addition of QDs (as a solution that also contains excess MPO ligands) to

FeTPP causes spontaneous chemical reduction from Fe!'"'TPP to Fe!'TPP.
3.3. Results and Discussion

3.3.1 QD synthesis and ligand exchange to MPO

CIS QDs were synthesized using a previously published thiol-free procedure, which yields
QDs with a diameter around 2.5 nm.%° The QDs are coated with a sub-monolayer shell of ZnS,
which greatly improves colloidal and photo-stability, and oleate ligands. Ligand exchange was
performed to replace these oleate ligands with 3-mercaptopropanol (MPO), which solubilizes QDs
in polar organic solvents such as N, N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO).
Two slightly different procedures were used, as shown in Scheme 3.2. To a solution of oleate-
capped CIS QDs in toluene (typically 1-3 mL of concentration 0.6-0.8 mM) was added either 1)
200 equiv. MPO (neat) or ii) a mixture of 400 equiv MPO and 520 -equiv
benzyltrimethylammonium hydroxide (also called Triton-B) (all equiv measured per QD). The
addition of base to MPO deprotonates the thiol to create thiolates, which strongly bind to the QD
surface. The base is not strictly necessary because MPO can also be deprotonated by oleate at the
QD surface prior to irreversibly binding as thiolates. The base presumably increases the kinetics

of the ligand exchange by deprotonating the thiol beforehand. The mixture was shaken and
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Scheme 3.2. Schematic of thiol(ate) ligand exchange procedure used in this work, with structures of excess ligands
remaining in solution after exchange shown on right-hand side.

vortexed, then 1-2 mL of additional toluene was added, and the mixture was shaken and vortexed
again. The mixture was centrifuged at 7500 rpm for 5 minutes. The supernatant was decanted, and
the remaining reddish orange solid was lightly dried with a flow of N> gas. The solid was
redissolved in either DMF or DMSO. It is important to note that this procedure does not fully wash
out excess ligands. In the exchange without base, the excess ligands in solution are oleate and thiol,
while when base is used there are thiolates and oleates present, as shown in Scheme 3.2. The
presence of these excess ligands can have a strong effect on the behavior of the QD-FeTPP system,
as will be discussed below. The ligand exchange procedure could likely be improved to avoid
excess ligands, by using fewer ligands and/or adding additional washing steps, but we intentionally
did not do this in order to maintain the same conditions used in the previous experiments*® on

which our hypothesis was based.
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Figure 3.2. (A) UV-vis spectra of DMSO solutions of Fe''TPP alone (black) with 400 equiv MPO (blue) and with
1 equiv MPO-capped CIS QDs (red), all under CO> atmosphere. (B) 'H NMR spectra of DMSO-ds solutions of
Fe"TPP alone (black) with 400 equiv MPO (blue) and with 1 equiv MPO-capped CIS QDs (red), all under CO:
atmosphere. The 'H NMR spectrum of MPO-capped CIS QDs alone is shown in gray. Asterisks (*) denote signals
corresponding to Triton-B and crosses (1) denote signals corresponding to Fe"TPP(RS").

3.3.2 Fe"TPP is reduced to Fe''TPP in the presence of QDs

Mixing a solution of Fe'TPP with MPO-capped CIS QDs in DMF or DMSO results in
reduction of Fe''TPP to Fe!'TPP. This is clearly observed by a red shift in the Soret band in the
UV-vis spectrum of a solution of FeTPP and 1 equiv QDs, shown in Figure 3.2(A). The same shift
can be produced by addition of excess MPO to a solution of FeTPP, also shown in Figure 3.2(A).
As mentioned in Section 3.2, thiols are relatively electron-rich molecules that are known to reduce
the metal center of iron porphyrins from Fe'! to Fe!l. When two thiols reduce two Fe!''TPP
molecules, they form a single disulfide molecule. Reduction of FeTPP most likely occurs via
oxidation of either a free thiol(ate) (left over from ligand exchange, see Scheme 3.2) or a thiol(ate)
that has desorbed from a QD surface. Further evidence for the presence of Fe''TPP and thiol
oxidation is found in the 'H NMR spectrum of a mixture of QDs and Fe"'TPP in DMSO-ds. As
shown in Figure 3.2(B), peaks in the aromatic region corresponding to the phenyl protons of TPP

shift considerably, and match literature assignments for Fe!'TPP.>® The additional peaks marked



with crosses are assigned to Fe"TPP(RS"),
where RS- is a deprotonated MPO thiolate.
As shown in Figure 3.3, this species is only
formed in the presence of excess thiolates,
which exist when base is used in the ligand
exchange (see Scheme 3.2). Thiolates can
weakly bind to Fe'TPP, while thiols are
much less likely to bind.>” The effect of this
species will be discussed further in the next
section. Figure 3.4 shows the alkyl region
of '"H NMR spectra of a solution of QDs
alone (black) and with Fe"TPP added

(red), which reveals an increase in signals
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Figure 3.3. 'H NMR spectra of DMSO-ds solutions of Fe'"TPP
with 1 equiv QD (no base used in ligand exchange, see text)
(black), Fe"TPP with 400 MPO (no base added) (blue),
Fe'"'TPP with 1 equiv QD (base used in exchange) (yellow), and
Fe"TPP with 400 equiv MPO and 520 equiv Triton-B (green),
all under CO> atmosphere. Asterisks (*) denote signals
corresponding to Triton-B and crosses (1) denote signals
corresponding to Fe'TPP(RS).

assigned to oxidized dithiol after QD addition. The signals were not integrated due to uncertainty

about the broad features underlying the peaks (probably contribution from molecules bound to

QDs). The generation of disulfide peaks could also be observed in a sample of FeTPP with only

free MPO added, shown in Figure 3.5. Confirmation of Fe"'TPP reduction to Fe!'TPP was also

made using X-ray absorption near edge spectroscopy (XANES), which revealed reduction of the

Fe center in the presence of QDs (without any applied electrical potential), as shown in Figure

3.10. The XANES data are further discussed in section 3.3.4. Taken together, the UV-vis, 'H

NMR, and XANES data indicate that excess MPO, either as protonated thiol or deprotonated

thiolate, present in solution with MPO-capped CIS QDs, chemically reduce Fe"'TPP to Fe''TPP.

This has implications for the proposed mechanism of photosensitized CO- reduction by QDs, as



initially it was thought that three electron
transfers were needed for catalysis to occur
(at least for the initial catalytic cycle), but
initial chemical reduction to Fe"TPP would
suggest that only two electron transfers are

required.

3.3.3 'H NMR T, decay experiments to
detect binding of porphyrins to QDs
We measured the 7> relaxation time of

the phenyl protons of FeTPP in the presence
of QDs to determine whether it was
adsorbed to QD surfaces. 77 is inversely
related to the rotational correlation time of a
species; therefore, for molecules adsorbed to
the surfaces of larger, more slowly rotating
nanoparticles, 7> decreases relative to the
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freely diffusing species. The Carr-

Purcell-Meiboom-Gill ~ (CPMG)  pulse

sequence applies a 90° pulse to the sample,
followed by a 180° spin echo pulse at
varying delay times. The decay in the
nuclear spins refocused by the spin echo
the integrated

pulse is measured by
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Figure 3.4. '"H NMR spectra of 1 mM MPO-capped CIS QDs
alone (black) and 1 mM QDs with 0.5 equiv Fe™"TPP (red),
showing thiol and disulfide proton resonances.

disulfide thiol
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Figure 3.5. 'H NMR spectra of 20 mM MPO (initially
dissolved in DMSO-ds, black, and after sitting under ambient
atmosphere overnight, blue) and 20 mM MPO with 333 uM

Fe''TPP after sitting under ambient atmosphere overnight (red).
The values below the peaks are the peak integration values.



intensities of the resulting peaks, which,
plotted as a function of delay time, are fit to
Equation 3.1 to give 7> for the integrated
peak.
M, (t) = Mye™"/T2 (Equation 3.1)

As mentioned in the introduction, a
major drawback in using this method for our
system is that the iron center in FeTPP is
paramagnetic at all oxidation states. The
presence of an unpaired electron can have a
strong yet not easily predictable effect on the
T, relaxation times of nearby protons.
Nevertheless, we hypothesized that we
might see a significant difference between
T> of Fe''TPP alone (chemically reduced by
free MPO) and 7> of Fe'TPP mixed with
CIS QDs. As shown in Figure 3.6, we
initially did observe a decrease in 7> of the
phenyl protons of FeTPP after mixing with

QDs. However, careful examination of the
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Figure 3.6. Spin-spin (7?) relaxation measurements of o-phenyl
proton resonance (at 8.17 ppm) of 500 pM FeTPP in the
presence of 2000 equiv MPO (blue), 1 equiv MPO-capped CIS
QDs (red), or 2 equiv MPO-capped CIS QDs (green), under
CO:2 in DMSO-ds. The data were fit to single exponential
decays, with extracted 7> values listed in the legends. MPO-
capped CIS QDs were prepared using a ligand exchange with
base, see Scheme 3.2 and main text.
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"H NMR spectrum of this sample revealed that  Figure 3.7. Spin-spin () relaxation measurements of o-phenyl

multiple FeTPP species were present. We

determined that while nearly all Fe''"TPP was

proton resonance (at 8.17 ppm) of 500 pM FeTPP in the
presence of 400 equiv MPO (blue) or 1 equiv MPO-capped CIS
QDs (red) under CO2 in DMSO-ds. The data were fit to single
exponential decays, with extracted 7> values listed in the
legends. MPO-capped CIS QDs were prepared using a ligand
exchange without base, see Scheme 3.2 and main text.



reduced to Fe'TPP, some Fe!'TPP also
coordinated thiolates, forming
[Fe"TPP(RS)], where RS is a
deprotonated MPO thiolate. The NMR
signals corresponding to this species are
marked with a cross in Figure 3.2(B) and
3.3. These initial 7> experiments were
performed using the aforementioned ligand
exchange that used the base Triton-B to
form thiolates. Some thiolates probably
remained in the QD mixture even after the

washing step of the ligand exchange. We
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Figure 3.8. Spin-spin (72) relaxation measurements of
Fe"TPP(RS") phenyl proton resonance at 10.8 ppm in presence
of 400 equiv MPO and 520 equiv Triton-B (blue) or 2 equiv
MPO-capped CIS QDs (red). All samples were prepared at
[FeTPP] =500 uM in DMSO-ds under N> atmosphere. The data
were fit to single exponential decays: without QDs, 7> = 6.7 +
0.2 ms; with 2 equiv QDs, T, = 8.0 + 0.2 ms.

found that this [Fe'TPP(RS")] species, which is also paramagnetic, had phenyl proton resonances

with extremely short 7> times, as shown in Figure 3.8. We hypothesized that the presence of this

paramagnetic species may affect the 7> lifetime of other species in the solution as well. We

repeated the experiment performing the QD ligand exchange without any additional base, which

avoids the formation of excess thiolates. As shown in Figure 3.3 (blue spectrum), when no excess

thiolates are present, 'H NMR signals corresponding to [Fe'TPP(RS")] do not appear. More

consequentially, 7% of the phenyl proton resonances of Fe!'TPP do not change in the presence of

QDs, as shown in Figure 3.7. This indicates that i) the presence of paramagnetic [Fe'"TPP(RS")]

likely affects the T>decay time of protons of Fe'TPP and ii) Fe''TPP may not be adsorbed to QDs,

as T>should decrease if the tumbling rate of Fe!'TPP was decreased by adsorption to QDs.
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We also considered the possibility that 1.04 = ZnTPP only

. e ZnTPP +QD
the paramagnetic effect on the 72 of the

phenyl protons of FeTPP is so large that it

prevents us from observing any change in
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o
¢

T> upon FeTPP adsorption to QDs. In fact,

1> is nearly an order of magnitude shorter
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for Fe''TPP than its diamagnetic analog,

ZnTPP. We hypothesized that if FeTPP Time (ms)

Figure 3.9. Spin-spin (72) relaxation measurements of the
phenyl proton resonance at 8.17 ppm of 500 uM ZnTPP alone
o . . . or with 2 equiv MPO-capped CIS QDs in DMSO-ds under
solvophobic interaction, the same interaction ambient atmosphere. The data without QDs were fit to a single

exponential decay, while the data with QDs were fit to a sum of
would likely be observed between QDs and two exponentials, where one time constant was fixed to the time
constant obtained from the sample without QDs (914.7 + 143.4

. .Inth £ QDs, the additional ti tant is 83.6
ZnTPP. Figure 3.9 shows the 7> decays for 32)7 II;S (el%fgsing.f; ‘(’)A) ;) s, the additional time constant is

were binding to QDs via a nonspecific

one of the phenyl proton resonances of
ZnTPP alone and in the presence of 2 equiv QDs. In the presence of QDs, the data were fit to a
biexponential decay in which the longer time constant was set to the time constant obtained without
QDs, revealing a second, shorter time constant of 83.6 £ 9.7 ms, with ~20% amplitude. The
presence of this shorter time constant suggests that ZnTPP may be bound to QDs, decreasing its
tumbling rate in solution and therefore decreasing 7>. These data, along with the clear effect of
paramagnetic center on the 7> value in FeTPP, suggest that FeTPP may be bound to QDs but that
the resulting change in 7> is not detectable due to the paramagnetic nature of FeTPP.
3.3.4  Other methods used to probe QD-FeTPP interaction

In-situ electrochemical X-ray absorption near edge spectroscopy (XANES) was performed in

collaboration with the Chen lab in order to probe the effect of QDs on the oxidation state of the
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exchanges without additional base, so Figure 3.10. In-situ electrochemical XANES spectra, Fe K-

) edge region, of 500 uM FeTPP in DMF at0 V,-0.8 V, -1.2 V,
excess thiolates should not be present. The and -2.0 V applied potentials (dashed lines) and 500 uM FeTPP
mixed with 1 equiv MPO-capped CIS QDs in DMF at 0 V, -0.8

more reduced iron center could be due to an V> @nd -1.2 V applied potential (solid lines).

electronic interaction between the QD surface and FeTPP. For instance, if the iron center may be
coordinated to an unpassivated electron-rich S atom on the QD surface. Such an interaction may
have passed undetected by '"H NMR spectroscopy if FeTPP is tightly bound to QDs, as the NMR
signals would likely be so broadened as to be undetectable. The XANES data also reveal
differences in the electronic structure of FeTPP under applied electrochemical potential when in
the presence of QDs. As shown in Figure 3.10, when FeTPP is the only species in solution,
applying a potential of -0.8 V vs. SCE reduces Fe'TPP to Fe'TPP, resulting in a shift of the K-
edge to lower energy, as expected for a metal-centered reduction. Applying additional potential to
this species results in no further shift in K-edge energy, despite the presence of two additional CV
waves (shown in Figure 3.1). This is evidence that the two additional reductions are ligand-
centered and therefore do not change the electron density on the iron center, as has been shown in
similar experiments in the literature.’® However, when QDs are present, the K-edge shifts to lower

energy when a potential of -1.2 V vs. SCE is applied. This could indicate the presence of electronic
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interactions between QDs and FeTPP that result in a metal-centered reduction of Fe'TPP. Further

work is needed to fully understand this phenomenon.
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Figure 3.11. Cyclic voltammagrams of 1 mM FeTPP with various equivalents of MPO-capped CIS QDs added, under
N2 (left) or COz (right) atmosphere. All samples are anhydrous DMF solutions containing 100 mM TBAPFs, collected
at 50 mV/s using a glassy carbon working electrode, Pt counter electrode, and Ag pseudoreference electrode (internally
referenced to ferrocene and converted to SCE).

Cyclic voltammetry was also used to investigate QD-FeTPP interactions. Initial experiments
found that addition of QDs to FETPP in DMF resulted in a loss of the Fe'''/Fe!! couple, as shown
in Figure 3.11, and an increase in current and loss of reversibility in the formal Fe!/Fe® couple,
attributed to proton reduction due to an increase in protons in solution (from MPO ligands). The
loss of the Fe!"'/Fe!' couple was initially attributed to the chemical reduction of Fe""'TPP to Fe!'TPP,
which was already established by UV-vis and NMR spectroscopic data, as discussed in Section
3.3.2. However, even if a chemical reductant is present to perform this reduction, cyclic
voltammetry should still detect the Fe!''/Fe!! couple, as the electrode is initially set at a potential at
which all FeTPP at the electrode surface should be in the Fe!"! oxidation state. Even if Fe!"'TPP has
been chemically reduced to Fe!'TPP, the species at the electrode (which is what is being detected
and shown in the voltammogram) will be re-oxidized to Fe!'TPP. This effect becomes more

apparent when the CV scan is started at the open circuit potential, which is the potential of the
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the solution had become more reducing.

When a voltammogram was collected

QD only (1/4 scale)

= F¢"'TPP only
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e Fe""TPP + 500 equiv MPO (1/2 scale)

starting from the open circuit potential, the
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Fe'/Fe" couple could be observed when 20 15 10 05 0.0

either QDs or free MPO only were added, Potential vs. SCE (V)

Figure 3.12. Cyclic voltammograms of MPO-capped CIS QDs
as shown in Figure 3.12. The apparent loss only (gray), Fe"'TPP only (black), Fe""TPP with 1 equiv MPO-

capped CIS QDs (red), and Fe""TPP with 500 equiv MPO
of the Fell/Fell couple in the earlier (blue). All samples are anhydrous DMSO solutions under N2
containing 100 mM TBAPFs, collected at 50 mV/s using a
glassy carbon working electrode, Pt counter electrode, and Ag
pseudoreference electrode (internally referenced to ferrocene
and converted to SCE).

experiments appears to be attributable to

dimerization of Fe''TPP to [Fe'TPP],0,

1.0 1
1]
which appeared to occur more easily in @ _5311':: ‘_’“gDs
— — ). uiv
. . .5 087 ——0.05 equiv QDs
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spectra shown in Figure 3.13, which show g ‘ ——2 equiv QDs
5
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corresponding to the dimer, in addition to 0.0 , ' 1 ' —— :
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the red-shifted Fe'"TPP Soret band. When Wavelength (nm)

) ) ol Figure 3.13. UV-vis spectra of Fe'"TPP alone (black) and with
the dimer is formed, the Fe™'/Fe" couple vyarious equivalents of MPO-capped CIS QDs added (colored)
in DMF solution.

shifts to significantly more negative

potential,> which may be responsible for the shoulder observed at the Fe''/Fe! couple in the initial



data. In addition, another feature
appearing at around -1.8 V vs. SCE
corresponds with another dimer reduction
feature. To confirm this assignment, the
dimer was synthesized by treatment of
Fe'"'TPPCI with base in CHCI3, followed
by purification through an alumina plug.>
A cyclic voltammogram of the dimer was
collected under similar conditions and was
found to match literature data well. The
dimer voltammogram is shown overlaid

with the FeTPP + QD data in Figure 3.14.
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Figure 3.14. Cyclic voltammagram of FeTPP with various
equivalents of MPO-capped CIS QDs (black and red traces) and
[FeTPP]2O dimer (blue), all under N2 in anhydrous DMF
solutions containing 100 mM TBAPFeg, collected at 50 mV/s
using a glassy carbon working electrode, Pt counter electrode,
and Ag pseudoreference electrode (internally referenced to
ferrocene and converted to SCE).

Fairly good agreement between the peak potentials in the FeTPP + QD sample and dimer sample

are observed. We were unable to extract any further information about the nature of potential

interactions of FeTPP with QDs from our existing CV data. However, recent studies suggest that

careful study of voltammograms of varying scan rate can characterize binding of substrates to QD

surfaces by determination of the diffusion coefficient, which is lower when the species is bound

to the relatively large and slowly diffusing QDs.%* Collection of scan rate dependent CV data for

this system may allow for a similar analysis, but the concurrent chemical reduction of Fe!"'TPP to

Fe''TPP by the MPO ligands of QDs, and subsequent dimerization in some solvents, may

complicate the analysis, as demonstrated in Figures 3.3 and 3.14.
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3.4. Conclusions

This work attempted to elucidate a binding interaction between MPO-capped CIS QDs and
FeTPP, which was proposed on the basis of ultrafast electron transfer previously observed by
transient absorption spectroscopy. We found that Fe''TPP is chemically reduced to Fe!'TPP in the
presence of CIS QDs, but most likely occurs due to the presence of excess MPO thiols in solution
rather than any specific QD interaction. We observed no change in 7> decay of '"H NMR signals
associated with FeTPP in the presence of QDs relative to FeTPP alone, suggesting that FeTPP
does not adsorb to QDs. We did find that 7> decay for the diamagnetic analog ZnTPP does appear
to have a shorter time component, suggesting that some fraction of ZnTPP molecules are bound to
CIS QDs. It is possible that we were unable to make this observation for FeTPP due to the
paramagnetic effects of the iron center. Finally, electrochemical XANES suggests that the iron
center may be perturbed in the presence of QDs. Further work is needed to better understand this

system.
3.5. Experimental Details
3.5.1 Quantum dot synthesis

Zinc sulfide shelled copper indium sulfide quantum dots (CulnS>@ZnS QDs or CIS QDs) were

synthesized via an existing literature procedure.*
3.5.2 FeTPP and [FeTPP]>O
Iron(tetraphenylporphyrinato) chloride (FeTPPCl) was purchased from Sigma Aldrich and used as

received. The p-oxo dimer [FeTPP],O was synthesized using existing procedures.>
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3.5.3 Ground-state absorption spectroscopy
All ground state UV-vis absorption spectra were acquired using a Cary 5000 spectrometer.
Samples were prepared in DMF or DMSO in a 0.2 mm quartz cuvette. Background correction was

performed with blank solvent samples before sample spectra collection.

3.5.4 NMR spectroscopy

"H NMR spectra were collected in deuterated dimethyl sulfoxide (DMSO-ds) on a Bruker Avance
HD III 500 MHz spectrometer. 7> relaxation measurements were performed using the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence. 16 scans per spectrum were collected. The
relaxation delay was 5 s. The 90° pulse length (pw90) was 10 us and the 180° pulse length (pw180)
was 20 ps. The echo time ¢ was 0.1 ms. The evolution time was given by this expression: (2¢ +

pw180) x (# of echo loops).

3.5.5 In-situ electrochemical X-ray absorption near edge spectroscopy

A description of this experiment can be found in the dissertation of our collaborator Jiyun Hong
(Chen Lab, Northwestern), who was instrumental in completing these experiments.

3.5.6 Cyclic voltammetry

Cyclic voltammetry was performed using a Princeton Applied Instruments VERSASTAT 3
potentiostat. All samples were dissolved in anhydrous DMF or DMSO with 100 mM
tetrabutylammonium hexafluorophosphate (TBAPFs) supporting electrolyte and degassed with N
or CO2 before measurement. A three-electrode setup was used, with glassy carbon as the working
electrode, a platinum wire as the counter electrode, and a silver wire as a pseudoreference
electrode. The voltammograms were internally referenced to ferrocene, which was dissolved in

the analyte solutions, and then referenced to SCE based on the potential of the ferrocene couple.



Chapter 4 : Towards a QD Triplet-Triplet
Energy Transfer-Mediated aza Paterno-
Buchi Reaction
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4.1. Chapter Summary

This chapter describes work towards the development of an aza Paterno-Buchi reaction
facilitated by triplet-triplet energy transfer from QDs to olefin and/or imine substrates. Triplet-
triplet energy transfer in QDs and the definition of and motivation for the aza Paterno-Buchi
reaction is discussed. In the work presented, QDs were unable to catalyze this reaction due to
unproductive isomerization of at least one of the imines substrates used. Reasons for lack of aza
Paterno-Buchi reactivity are discussed and the investigation of alternative imine substrates is

reported.
4.2. Introduction

4.2.1 Triplet-triplet energy transfer photocatalysis in QDs

Triplet-triplet energy transfer (TT-EnT) from photoexcited QDs to organic substrates was first
observed by Castellano et al. in 2016, when the researchers demonstrated that CdSe QDs could
sensitize the triplet state of a pyrene dye bound to the QD surface via a carboxylate.®> The heavy
metal cadmium atoms within the QD structure allow for spin-orbit coupling in the excited state,
resulting in a conduction band with triplet-like character that can sensitize the dark triplet state of
pyrene, as observed by transient absorption spectroscopy. Since then, various groups have studied
this phenomenon in greater detail and with various types of QDs.%6-%¢ Recently, the Weiss lab
reported the use of CdSe QDs in sensitizing the triplet states of olefins to drive the formation of
cyclobutanes via [2+2] cycloaddition.®® As with TT-EnT from QDs to previously reported triplet
acceptors, it was found that for TT-EnT to occur the olefin substrates required a suitable functional
group, carboxylates in this case, to bind to QD surfaces. The use of these binding groups also
enabled the sensitized [2+2] cycloaddition to occur with high regio- and diastereoselectivity, as

substrates were aligned in a specific manner on QD surfaces. This preorganization of substrates



68

on QD surfaces has potential application in a myriad of other TT-EnT-driven organic reactions,
which have been extensively studied in recent years.’

4.2.2  Challenges in realizing an aza Paterno-Buchi reaction

Azetidines are four-membered  rings

[2+2] cycloadditions
containing a nitrogen atom, and are found in R
R4 Rj hv [N 8
many pharmaceutical target molecules.”® ] + E —
Ro R4 Rz/ R,
However, synthesis of these rings by traditional
Ry hv Ry
: : . : o) )
chemical methods is challenging, typically [+ l —_—
. ) . Rz R4 Ry R,
involving harsh conditions and limited substrate
L R R
scope.”! Significant efforts have been made to Ry N'R?’ hv NN 2
] + 1| —
synthesize  azetidines by  photochemical | Rz R4 \\\hl Ro R4
methods, namely by an aza Paterno-Buchi R3\N
I
reaction. The Paterno-Buchi reaction is the [2+2] k R,

photocycloaddition of an olefin to a carbonyl, Scheme 4.1. Reaction schemes for olefin-olefin [2+2]

) ) photocycloaddition (top), Paterno-Buchi reaction

forming an oxetane, a four-membered ring (middle), and aza Paterno-Buchi reaction, with
unproductive imine isomerization (bottom).

containing an oxygen atom. The reaction can
proceed either by direct excitation of the carbonyl or sensitization by an external chromophore.”?
An aza Paterno-Buchi reaction is the analogous reaction with an imine rather than a carbonyl,
leading to an azetidine, as outlined in Scheme 4.1. Unfortunately, direct excitation or sensitization
of imines generally leads to rapid isomerization about the C=N bond, dissipating the excited state

energy and leading to little or no cycloaddition to olefins.”>7* As a result, substrate scope has

generally been restricted to cyclic imines, in which C=N bond rotation cannot occur,””’® or
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intramolecular systems in which the olefin and imine are brought into close contact by covalent
linkage to each other.””-®
4.2.3 Motivation for use of OQDs in aza Paterno-Buchi reaction

The general motivation for utilizing QDs in an aza Paterno-Buchi reaction is twofold. First, if
the substrates have functional groups that can bind to QD surfaces, they can be brought into close
contact on QD surfaces in order to increase the likelihood of cycloaddition between them.
Nonproductive relaxation via rapid isomerization might be minimized if bringing substrates into
close proximity enables cycloaddition to occur on a faster timescale than isomerization. Second,
the tunable nature of QDs could allow for selective sensitization of only olefins, leaving imines in
the ground state and unable to undergo unproductive isomerization. As shown previously by the
Weiss lab, the triplet energy of QDs can be tuned (by changing the size of the QD nanocrystals)
such that lower substrates are selectively excited in the presence of higher energy substrates.®’
While the triplet energies of the imines used in this study were not initially known, similar imines
were found to have higher triplet energies than those of the olefins used, suggesting that the olefins

could be selectively excited with QDs. Another benefit of the proposed approach is the diastereo-
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and regioselectivity that could be imposed by substrate binding, as seen in the QD olefin [2+2]

system. A summary of the proposed system is shown in Scheme 4.2.

0]
Tune triplet energy by >_R4cN'R3

changing QD size HO
Localize substrates on surface

M
visible light R,

HO — N’
/\\
//‘ I 2
@) Ry 9)

-/ Y™ o

Selectively sensitize olefin HO HO

Scheme 4.2. Proposed scheme for a QD TT-EnT-mediated aza Paterno-Buchi reaction.

4.3. Results and Discussion

4.3.1 Initial studies with oxime 1

0 N,OMe
| 532 nm CdSe
Z * > 455 nm hv .
(3 equiv) ————————» noreaction
COOH THF
HOOC overnight

Figure 4.1. Initial reaction conditions for QD-sensitized aza Paterno-Buchi reaction between olefin C1 and oxime 1.

For initial attempts at an aza Paterno-Buchi reaction facilitated by QDs, an oxime derived from
4-formylbenzoic acid, 4-[(methoxyimino)methyl]benzoic acid, hereafter referred to as oxime 1,
was prepared for use as the imine substrate. Oximes are generally more stable than imines,
particularly when exposed to water, and also undergo less thermal isomerization, which could
obfuscate any photochemical isomerization that occurs. They have been successfully used in
previous studies on aza Paterno-Buchi reactions.”® The initial reaction scheme is shown in Figure
4.1. CdSe QDs with a 532 nm first excitonic peak were used as their emission energy is high

enough to sensitize the chalcone olefin (C1) used but lower than the triplet energy we expected for
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oximes such as 1. The reaction was performed under air-free conditions to prevent undesired
sensitization of triplet oxygen. No reaction was observed between oxime 1 and the sensitized olefin
substrate C1. Some homocoupling between C1 substrates was observed, indicating successful
sensitization of the olefin, but no other products were observed. Similar reactivity was observed
when altering a number of factors, including QD size (larger or smaller QDs leading to lower or
higher triplet energy, respectively), stoichiometry of substrates, solvent (4:1 toluene:THF), and

different QDs (core@shell CdSe@ZnS, CdSe@CdS, or CulnS>@ZnS QDs).
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4.3.2 QDs sensitize triplet state of 4-[(methyoxyimino)methyl]benzoic acid

N .OMe MeO\N

| UVor TT-EnT I
o T O
HOOC HOOC

Oxime only, UV irrad.

Oxime only, no light

N

Reaction mixture (QDs, olefin, oxime)

4.14 412 4.10 4.08 4.06 4.04 4.02 4.00 3.98 3.96 3.94 3.92 3.90 3.88 3.86 3.84 3.82 3.80
Chemical Shift (ppm)

Figure 4.2. 'H NMR spectra of oxime 1 after UV irradiation (top, blue), no irradiation (middle, green),
and with after irradiation with visible light in reaction mixture described in Figure 4.3 (QDs and olefin).

Closer examination of the 'H NMR spectra of crude reaction mixtures revealed that oxime 1
was isomerizing over the course of the reaction, likely due to sensitization by QDs, as revealed in
Figure 4.2, which shows the methoxy resonance of oxime 1 in the £ (favored) or Z conformation.
This result suggested that the triplet state of oxime 1 was not as high in energy as we initially
thought. To experimentally measure the triplet energy of oxime 1, we measured its
phosphorescence in 2-methyltetrahydrofuran at 77 K. The resulting spectrum is shown in Figure
4.3. While the phosphorescence peaks are located around 450 nm, a large shoulder exists that
overlaps with the photoluminescence of the QDs used, the peak position of which is marked by

the red line in the figure. This indicates that QDs could in fact sensitize this particular oxime. We
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then synthesized larger CdSe QDs,

. .. 0.4 -
with first excitonic peak at 576 nm, __
2 CdSe QD
which should have excited state S5 emission ensray
£ :
energies that are too low for TT-EnT & .
> 0.2 - .
= =
to oxime 1. However, as shown in @2
g :
Figure 4.4, oxime 1 still isomerizes =
when present both with olefin C1 and 0.0+ .

350 400 450 500 550

Ds (the entire reaction mixture, to
QDs ( P Wavelength (nm)

spectrum) and with QDs only (bottom Figure 4.3. Phosphorescence spectrum of oxime 1 taken at 77 K in
2-methyltetrahydrofuran.
spectrum). The larger extent of

isomerization is likely due to the longer reaction time relative to Figure 4.2, so the results are not

olefin + 3 equiv oxime

Oxime only

414 412 4.10 4.08 4.06 4.04 4.02 4.00 3.98 3.96 3.94 3.92 3.90 3.88 3.86 3.84 3.82 3.80
Chemical Shift (ppm)

Figure 4.4. '"H NMR spectra of oxime 1 after 3.5 days of visible light irradiation in presence of 576 nm
CdSe QDs only (red, bottom) and QDs and olefin C1 (blue, top).



74

comparable in that respect, but nevertheless indicate that QDs with photoluminescence energy
below the observed phosphorescence energy of oxime 1 are still able to sensitize isomerization of
the oxime. A review of the literature found that similar oximes exhibited this behavior through a
mechanism called non-vertical energy transfer, in which thermal motion of the oxime can couple
to the energy transfer process in order to decrease the effective energy needed for triplet
sensitization.” We attempted to remove this thermal component by illuminating mixtures of QDs
and oxime 1 at low temperature, as shown in Figure 4.5, but isomerization continued to occur,

even at -78 °C.

N .OMe MeO. N

Integration of minor peak relative to ' H —_— : H
major peak
HoOC HOOC

Before irrad. (no QDs present): 0.01

J

D8
B

430 425 420 415 410 4.05 400 395 390 3.8 380 3.75 3.70 3.65
Chemical Shift (ppm)

7 hirrad. at 25 °C (0.2 mol % QDs): 0.09

7 hirrad. at 0 °C (0.2 mol % QDs): 0.08

7 hirrad. at -78 °C (1.2 mol % QDs): 0.23

Figure 4.5. '"H NMR spectra of (from top to bottom) oxime 1 alone before irradiation (purple) and with CdSe
QDs after 7 h irradiation at 25 °C (blue), at 0 °C (green), and at -78 °C (red, more QDs used). The inset text
gives the integration of the minor isomer peak relative to an integration of 1 for the major peak.



75

4.3.3 Selective sensitization of oxime substrate
After establishing that QDs sensitize the triplet state of oxime 1, we attempted to sensitize

oxime 1 selectively by choosing an olefin substrate with triplet energy greater than that of QDs.

OCH3
CdSe QDs
no reaction
THF
HOOC HOOC 467 nm LED

Figure 4.6. Reaction conditions for QD-sensitized aza Paterno-Buchi reaction between oxime 1 and olefin C2.

Despite the clear occurrence of isomerization in the oxime, we thought it possible that localizing
the sensitized oxime near a non-sensitized olefin on the QD surface could enable some [2+2]
cycloaddition to occur as well. The reaction scheme, using 4-vinylbenzoic acid (C2) as the olefin
substrate, is shown in Figure 4.6. Unfortunately, no reaction was observed. We used 'H NMR
spectroscopy to examine the effect of varying the ratio between oxime 1 and olefin C2 on the
isomerization of oxime 1, as shown in Figure 4.7. With no olefin present, the oxime isomerizes to
nearly 1:1 E:Z under these conditions, after starting at ~99:1 E:Z. However, adding any amount of

olefin C2 greatly decreases the extent of isomerization. Even 5:1 oxime:olefin, in which only 16%
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1:5 oxime:olefin

1:1 oxime:olefin

5:1 oxime:olefin

S S G

NI,OMe MeO\IN
O T
HOOC HOOC
e\,
oxime only
4.20 4.15 4.10 4.05 4.00 3.95 3.90 3.85 3.80 3.75 3.70

Chemical Shift (ppm)

Figure 4.7. "H NMR spectra of reaction mixtures containing CdSe QDs and oxime 1 alone (bottom) and with 0.2, 1,
or 5 equiv olefin C2 after 2 h irradiation with 467 nm LED.

of the substrates in solution are olefin, isomerization decreases quite significantly. There are at
least two possible explanations for this behavior. The first, and more likely, is that olefin C2 has a
greater affinity for the QD surface than oxime 1 and therefore preferentially binds to the QD
surface, crowding out the oxime and decreasing TT-EnT to the oxime and subsequent
isomerization. To confirm this hypothesis, a detailed "H NMR spectroscopic binding study could
be performed to measure the relative binding strengths of each substrate.®’ The second possibility
is that the first step of [2+2] cycloaddition is occurring, but the reaction is unable to go to

completion due to instability of the 1,4-biradical intermediate, which may contain a primary alkyl
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radical, as illustrated in Figure 4.8. However, in this case more isomerization of the oxime would
likely be observed, as C-N bond rotation can occur in the intermediate species, as has been

previously observed.”

H5;CO,
N ,OCHs 3 ;N . H3CO\N
E j/l + E j —_— ~S N~ T >
HOOC HOOC O O O O
HOOC COOH HOOC COOH

Figure 4.8. Possible reaction mechanism for reversible formation of 1,4-biradical between oxime 1 and olefin C2.

4.3.4 Other imine and oxime substrates attempted

A number of alternate imine and oxime substrates were explored for potential [2+2]
cycloaddition with a sensitized chalcone olefin, as shown in Figure 4.9. Phenylimines with the
carboxylate both on the aldehyde-derived side of the molecule (2) and the aniline-derived side (3)
were tested, as previous work indicated that the position of the binding group could potentially
affect sensitization by QDs.®” No reaction was observed with either substrate, possibly due to

effective sensitization and isomerization of the imine. Photosensitized isomerization cannot be

COOH
_.OMe /@\ O/ Q.0
I j j I @
2 J@J I e
HOOC HOOGC ©) HOOC
(1) 2 (3)

(4)

MeO. |N
HOOCMN’OMG )NLO)—Ph
HOOC
COOH
(5) () @)

Figure 4.9. Oxime and imine substrates synthesized for use in QD-mediated aza
Paterno-Buchi reaction.
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easily tracked with imines because thermal isomerization also occurs.”* The reaction was also
attempted with sulfonyl imine 4, as an analogous imine had previously been used in a rare and
limited example of an intermolecular photosensitized [2+2] cycloaddition between olefins and
imines.?! However, the success of the cited reaction was thought to be due to exiplex formation,
which is unlikely to occur in our system, and we only observed complex side products.

Alkyl and cyclic oximes 5, 6, and 7 were also explored for this reaction, as shown in Figure
4.9. Due to the lack of  conjugation, alkyl oximes should have considerably higher triplet energies

than their aromatic counterparts, and thus should not be sensitized by QDs. However, using the

BN-3-169-5-dmso.10.fid
N-O, CdS/ZnS QDs (467 nm)
OW P
THF
OH 467 nm LED
BN-3-169-4-dmso.10.fid
N-O, CdS/zZnS QDs (467 nm)
o. I PR *
PP e
OH 457 b LED

BN-3}1166-3-phenylglyoxime-dmso.10.fid
N-O,
OW " only
oH Jl N m

4-pentenoicacid-dmso.10.fid

Hooc”™"X only

7.4 72 70 68 66 6.4 62 6.0 58 56 54 52 50 48 4.6 4.4 4.2 40 38 36 34 32 30 28 26 24 2.2
Chemical Shift (ppm)
Figure 4.10. 'H NMR spectra of oxime 6 and 4-pentenoic acid alone (bottom two spectra) and spectra of
reaction mixtures of CdS@ZnS QDs and oxime 6 (top) and QDs, oxime 6, and 4-pentenoic acid (second
from top) after overnight irradiation with 467 nm LED.

reaction conditions shown in Figure 4.1, in which the olefin C1 is selectively excited by QDs, no
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reaction occurred using oximes 5 or 6. We then moved to the cyclic 2-isoxazoline-3-carboxylate
oxime 7, as this scaffold was recently used by the Schindler group in a successful intermolecular
aza Paterno-Buchi reaction mediated by iridium photocatalysts.”® However, Schindler et al. only
used the ethyl ester version of oxime 7, while we wished to use the free acid in order to bind the
substrate to QDs. As shown in Figure 4.10, this oxime exhibits some reactivity with QDs in the
absence of any other substrates. CdS@ZnS QDs were used in this reaction, as higher energy QDs
were needed to sensitize this oxime.”® In the presence of 4-pentenoic acid, an olefin that is not
sensitized by QDs, additional reactivity appears to take place, but the desired [2+2] product could
not be isolated by LC-MS. The Schindler group also reports “complex reactivity” between the free
acid oxime and iridium photocatalysts. More work is required to understand the reactivity that is
occurring in this system. In addition, it is clear from the scattered literature reports on aza Paterno-
Buchi reactions that more detailed mechanistic studies could be valuable in gaining a deeper

understanding of the observed limitations in substrate scope.

4.4. Conclusions

Due to strong spin-orbit coupling, the excited states of QDs exhibit some triplet-like character
that can be harnessed in mediating photochemical reactions via TT-EnT. This work attempted to
harness QD-mediated TT-EnT to perform an aza Paterno-Buchi reaction, in which a [2+2]
cycloaddition between an olefin and an imine or oxime forms an azetidine. Non-vertical energy
transfer in oximes made selective sensitization of olefins challenging and allowed the
nonproductive isomerization energy relaxation pathway of oximes to dominate. Nonaromatic
substrates, while likely not sensitized by QDs, proved to be unreactive with sensitized olefins at
QD surfaces. 2-isoxazoline-3-carboxylate oximes may be promising candidates as their esters have

been successfully used in aza Paterno-Buchi reactions,’® but substrates may need to be designed
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with binding groups in different positions, as a free acid in the 3-position of the cyclic oxime
appears to impart some complex reactivity. Other methods of binding imines or oximes to QD

surfaces, such as hydrogen bonding,®? could also be explored.
4.5. Experimental Details

4.5.1 QD synthesis

CdSe QDs were synthesized via a previously reported heterogeneous method.*-# CdSe@ZnS and
CdSe@CdS core@shell QDs were synthesized in two steps. CdSe cores were synthesized via a
homogeneous method, then ZnS or CdS shelling was completed via previously reported SILAR
methods.?® 8 CdS@ZnS QDs were synthesized using a previously reported procedure.®

4.5.2 Substrate synthesis

Synthetic characterization

'"H NMR spectra were acquired in chloroform-ds or dimethylsulfoxide-ds using a Varian Inova
500 (500 MHz) or a Bruker AVANCE III HD (400 MHz).

4-[(methoxyimino)methyl]benzoic acid (1)

The compound was synthesized by adapting a literature procedure.®® 4-formylbenzoic acid (1.0
equiv) was dissolved in EtOH and methoxylammonium chloride (3 equiv) was added. The mixture
was stirred briefly, then a saturated aqueous solution of NaHCO3 was added until the solution
became neutral. The reaction was stirred at room temperature overnight, then CH>Cl, was added
to the flask. 1 M HCI was added to acidify the solution, and the solution was mixed in a separatory
funnel and separated. The organic layer was washed with saturated NaCl and dried with MgSOas,
then dried under reduced pressure. The final product was obtained by recrystallization from EtOH.
'"H NMR (500 MHz, DMSO) & 8.32 (s, 1H), 7.99 — 7.95 (d, 2H), 7.75 — 7.70 (d, 2H), 3.93 (s, 2H).

4-[[(3-methylphenyl)imino[methyl]benzoic acid (2)
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The compound was synthesized by a literature procedure.?” 4-formylbenzoic acid (1.0 equiv) was
dissolved in EtOH, and 2-methylaniline (1.1 equiv) was added. The solution was heated to 60 °C
overnight, then CH>Cl; and 1 M HCI was added to the flask, and the solution was extracted. The
organic layer was washed with saturated NaCl and dried with MgSOs, then dried under reduced
pressure. The product was recrystallized from hot toluene. '"H NMR (500 MHz, CDCl3) & 8.54 (s,
1H), 8.25 — 8.19 (m, 2H), 8.04 — 7.97 (m, 2H), 7.31 (t, /= 7.6 Hz, 1H), 7.13 — 7.03 (m, 3H), 2.41
(s, 3H).

4-[(phenylmethylene)amino]benzoic acid (3)

The compound was synthesized by a literature procedure.®® 4-aminobenzoic acid (2.74 g, 1 equiv),
benzaldehyde (2.13 g, 1.01 equiv), and glacial acetic acid (2 drops) were dissolved in 150 mL
toluene and refluxed for 4 hours. After cooling to room temperature, a white solid formed and was
collected by filtration, washed with toluene, and recrystallized from methanol to obtain the
product. 'H NMR (500 MHz, DMSO) § 12.87 (s, 1H), 8.65 (s, 1H), 8.02 — 7.93 (m, 4H), 7.62 —
7.51 (m, 3H), 7.36 — 7.29 (m, 2H).

4-[[(phenylsulfonyl)imino]methyl]benzoic acid (4)

The compound was synthesized by an adapted literature procedure.’! 4-formylbenzoic acid (330
mg, 1.0 equiv) and benzenesulfonamide (157 mg, 1.0 equiv) were dissolved in 10 mL anhydrous
toluene over molecular sieves. A few drops of p-toluenesulfonic acid were added, and the solution
was refluxed overnight. The resulting pink opaque mixture was brought to room temperature and
filtered to yield a light pink solid. '"H NMR (500 MHz, DMSO) & 9.26 (s, 1H), 8.18 — 8.11 (m,
2H), 8.11 — 8.05 (m, 2H), 8.04 — 7.97 (m, 2H), 7.82 — 7.75 (m, 1H), 7.72 — 7.65 (m, 2H).

4-(methyoxyimino)cyclohexanecarboxylic acid (5)
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The compound was synthesized by a method similar to that of compound 1. 4-
oxocyclohexanecarboxylic acid (73 mg, 1.0 equiv) and methoxylammonium chloride (73 mg, 1.5
equiv) were dissolved in 5 mL MeOH, then 140 pL pyridine (3.0 equiv) was added, and the
solution was stirred overnight. The solution was then acidified and extracted with EtOAc. The
organic layer was washed with saturated NaCl, dried with MgSQs, and concentrated under reduced
pressure. 'H NMR (500 MHz, CDCls) & 3.82 (s, 3H), 3.11 — 3.02 (m, 1H), 2.60 (m, 1H), 2.49 —
2.40 (m, 1H), 2.17 — 1.99 (m, 4H), 1.86 — 1.64 (m, 2H).

4-(methyloximino)butanoic acid (6)

The compound was synthesized in two steps using literature procedures. In the first step,® succinic
semialdehyde was prepared by the following procedure. L-glutamic acid potassium salt
monohydrate (500 mg, 1 equiv) was dissolved in 15 mL H>O and heated to 37 °C, then 6 wt %
NaOCl in H2O (2.75 mL, 2.46 mmol, 1.0 equiv) was added dropwise. The solution was stirred at
37 °C for 1 hour, then 1 M HCI (2.75 mL) was added and the solution was stirred until
effervescence stopped. The solution was cooled to room temperature, saturated NaCl was added,
and the solution was extracted with diethyl ether (3 x 20 mL). The organic portions were combined,
dried with MgSO4 and concentrated under reduced pressure. The product was then immediately
dissolved in methanol and treated with methoxylammonium chloride (3 equiv, based on 100%
yield of product) and pyridine (1 equiv relative to methoxylammonium chloride) and stirred
overnight. HoO was added and the product was extracted with ethyl acetate. The organic layer was
washed with saturated NaCl, dried with MgSO4 and concentrated under reduced pressure to
provide a mixture of isomers. NMR spectroscopic data for major isomer given. 'H NMR (500
MHz, CDCl3) 6 7.43 (t, 1H), 3.82 (s, 3H), 2.63 — 2.56 (m, 4H).

5-phenyl-4,5-dihydroisoxazole-3-carboxylic acid (7)
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The compound was synthesized by literature procedures in three steps.”® First, ethyl
chlorooximidoacetate (CEFNO) was prepared. Glycine ester hydrochloride (69.7 g, 0.5 mol) was
dissolved in 95 mL H>0, 41.5 mL of concentrated HC] was added, and the mixture was cooled to
-5 °C. A solution of 1 equiv of sodium nitrite in 50 mL H>O was added dropwise, followed by a
second equivalent of conc. HCI and a second equivalent of sodium nitrite, added in the same
manner. The mixture was extracted with diethyl ether, dried with MgSO4 and concentrated under
reduced pressure. The product was obtained by recrystallization from hexanes. The 'H NMR
spectrum matched the reported spectrum. CEFNO (1.16 g, 7.6 mmol) and styrene (0.87 mL, 7.6
mmol, 1 equiv) were dissolved in 17 mL diethyl ether, and a solution of TEA (1.06 mL, 7.6 mmol)
in 10 mL diethyl ether was added dropwise over a ~30 minute period. The solution was stirred
overnight, then washed with water, dried with MgSO4 and concentrated under reduced pressure.
The ethyl ester product was obtained in good purity and immediately treated with 10% NaOH in
an EtOH/H>O solution to cleave the ester and provide the title compound. 'H NMR (500 MHz,
DMSO) 6 7.49 — 7.31 (m, 5H), 5.79 (dd, J=11.4, 9.1 Hz, 1H), 3.66 (dd, J = 17.7, 11.4 Hz, 1H),
3.12(dd, J=17.7,9.1 Hz, 1H).

(E)-4-(3-oxo0-3-phenylprop-1-en-1-yl)benzoic acid (C1)

The compound was synthesized by a literature procedure.®® Acetophenone (500 mg, 1.0 equiv)
and 4-formylbenzoic acid (625 mg, 1.0 equiv) were dissolved in 20 mL EtOH. KOH (700 mg, 3.0
equiv) was dissolved in 1.6 mL H»O and added to the reaction mixture, which was stirred for 12 h
at room temperature. The solution was then acidified to pH 2 using 1 M HCI. The precipitate was
collected by filtration and recrystallized from EtOH to provide the title compound. 'H NMR (500
MHz, DMSO) & 13.13 (s, 1H), 8.22 — 8.16 (m, 2H), 8.06 (d, /= 15.7 Hz, 1H), 8.04 — 7.98 (m, 4H),

7.79 (d, J= 15.7 Hz, 1H), 7.73 — 7.66 (m, 1H), 7.60 (t, J = 7.7 Hz, 2H).
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4.5.3 General procedure for photocatalytic reaction setup

In a 4-mL vial, the appropriate volume of QD stock solution was dried under reduced pressure,
and a stir bar was added. If the substrate was a solid, the appropriate volume of a stock solution of
the substrate was added to a separate vial and dried under reduced pressure. If the substrate was a
liquid, it was added to a vial with a septum and degassed with nitrogen for 20 minutes. QD and
substrate vials were both then brought into a nitrogen glovebox, where a total of 1 mL of non-
stabilized tetrahydrofuran was used to dissolve and mix QD and substrates. The vial was sealed
with a septum cap, removed from the glovebox, and irradiated with a CFC white light bulb or 467
nm LED (Kessil) while stirring.
4.5.4 General procedure for reaction workup

When irradiation was stopped, the reaction mixture was transferred to a centrifuge tube, 9 mL
of methanol was added, and the mixture was centrifuged for 5-10 minutes at 7500 rpm to separate
QDs from the reaction mixture. The supernatant was dried under reduced pressure and redissolved

in dimethylsulfoxide-d; for 'H NMR spectroscopic analysis.
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5.1. Dissertation Summary

This dissertation explored the use of both organic and semiconductor nanocrystal
chromophores as photosensitizers or photocatalysts in light-driven reactions. Chapter 1 introduced
the motivation for studying light-driven processes and briefly discussed the basic chemistry behind
them. Supramolecular chemistry was introduced as one method to potentially improve the
performance of photocatalytic systems.

In Chapter 2 the synthesis of a series of amphiphilic N-annulated perylene chromophores and
their self-assembly in aqueous solution was presented. A modular synthesis enabled easy synthesis
of N-annulated perylenes with water-solubilizing carboxylate tails with 1 to 7 methylene spacers
between the carboxylate and perylene. These molecules generally self-assembled into extended
ribbon-like nanostructures in aqueous solution. This self-assembly resulted in weak electronic
coupling between the perylene monomers, as evidenced by UV-vis spectroscopy. The self-
assembled nanostructures were used to photosensitize a CO; reduction catalyst in fully aqueous
conditions, leading to some photocatalytic reduction of CO; to CO. However, more work is needed
to optimize the system and determine definitively whether or not photosensitization is occurring.

Chapter 3 discusses the investigation of possible binding interactions between CIS QDs and
an iron porphyrin COz reduction catalyst FeTPP. Solutions of CIS QDs, which were capped with
MPO ligands for this study, were found to contain free MPO, which chemically reduced Fe''"TPP
to Fe''TPP, as confirmed by UV-vis, '"H NMR and X-ray absorption near edge spectroscopies. 7>
relaxation was used to probe whether or not FeTPP was bound to the surface of CIS QDs, but the
paramagnetic nature of the FeTPP iron center precluded definitive conclusions.

The challenges and potential advantages of using QDs as TT-EnT mediators of an aza Paterno-

Buchi reaction are discussed in Chapter 4. Imine substrates were sensitized by QDs but underwent
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unproductive isomerization and could not undergo [2+2] cycloaddition with olefins, even when
nominally co-localized on QD surfaces. Alternative imine substrates that allowed for selective

sensitization of olefin only also did not lead to any cycloaddition products.
5.2.  Future Directions

5.2.1 Alternative water-solubilizing groups for N-annulated perylene chromophore amphiphiles

N-annulated perylenes could easily be functionalized with alkylammonium water-solubilizing
groups instead of carboxylates, simply by replacing bromoalkanoates with bromoalkylammoniums
in the substitution reaction shown in Figure 2.1. It is possible that this change could alter the extent
of electronic coupling between the perylenes, though this seems unlikely as the electronics of the
core itself will not be strongly perturbed. However, using alkylammonium solubilizing groups
would ensure that the perylene amphiphiles are soluble at low pH, which should allow the
chromophores to remain in solution when the pH is lowered by saturation with COa, as discussed
in Section 2.3.3. This might increase photocatalytic activity significantly, as precipitated
carboxylate perylene amphiphiles would not have been able to efficiently sensitize the dissolved
catalyst. Additionally, a negatively-charged variant of the iron porphyrin catalyst
(tetraphenylporphyrin with four sulfonyl groups appended to the phenyl rings) could be used to
promote electrostatic attraction to the alkylammonium perylene assemblies.
5.2.2  Synthetic tuning of electronic structure of N-annulated perylene core

The N-annulated perylene amphiphiles synthesized in this study likely exhibit weak electronic
coupling due to a quadrupole moment that encourages edge-to-face stacking, which prevents «t
orbital overlap.”! The N-annulated core can be brominated at the 3 and 10 positions. Further
functionalization from this starting point could tune the electronic structure of the N-annulated

perylene such that face-to-face stacking might be preferred, leading to stronger electronic
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coupling. DFT calculations could be performed to obtain electron density maps, which might help
predict the most promising targets for synthesis, as larger dipole moments may encourage face-to-
face stacking.
5.2.3  Covalent attachment of catalysts to chromophore amphiphile assemblies

Another future direction for improved application of chromophore amphiphile assemblies in
photocatalytic applications is localization of a catalyst on the self-assembled nanostructure surface.
While this was previously attempted using electrostatics,* the electrolyte concentration in solution

was quite high due to the sodium ascorbate sacrificial electron donor, which may screen the

CO) co-assembly ,

| e
-M‘ T &

Scheme 5.1. Proposed co-assembly of chromophore amphiphile and chromophore-catalyst dyad amphiphile.

s
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negatively charged amphiphile assemblies and prevent any specific binding of a positively charged
catalyst. Instead, one could envision a co-assembly of chromophore amphiphiles with a
chromophore-catalyst dyad, as depicted in Scheme 5.1. Covalent tethering would ensure that the
catalyst remained close to the nanostructure surface. Linker length between chromophore and
catalyst could be varied, as the optimal length is not necessarily obvious — on one hand, a shorter
linkage keeps the catalyst close to the chromophore to which it is attached, but on the other hand,
a longer flexible linkage could allow the catalyst to “reach over” to other chromophores within the

assembly, which might result in more efficient charge transfer.
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5.2.4 Continued study of porphyrin-OD conjugates by T> relaxation and transient absorption
As shown in Chapter 4, the 7> relaxation time of ZnTPP may have been decreased in the
presence of CIS QDs, which would suggest that ZnTPP is binding to QD surfaces via a nonspecific
hydrophobic interaction. A number of additional experiments could be performed to build
confidence in this assertion. First, transient absorption spectroscopy could be performed on the
CIS QD/ZnTPP system, to see if ultrafast (<200 fs) ET from QDs to ZnTPP is observed as it was
previously in the QD/FeTPP system.*® We recently attempted this experiment while also hoping
to reproduce the QD/FeTPP results but were unable to observe ultrafast ET in either system. This
could be due to a number of factors, including the presence or absence of excess MPO ligands (see
Scheme 3.2) and may be worth further exploration. Another interesting avenue would be to study
binding of a Zn porphyrin with functional groups that would clearly bind to QDs, such as
carboxylates. This would enable measurement of 7> for the porphyrin with more confidence that
the porphyrin is bound to the QD surface. If the change in 7> is similar to the change observed
with ZnTPP (see Figure 3.9), it could lend credence to the hypothesis that ZnTPP is bound to QD

surfaces.

5.2.5 Intramolecular substrates for aza Paterno-Buchi [2+2] at QD surfaces

The challenges in achieving a TT-EnT-mediated intermolecular [2+2] cycloaddition between
imines (or oximes) and olefins at QD surfaces outlined in Chapter 4 suggest it could be beneficial
to investigate intramolecular reactions of substrates containing the imine and olefin moieties on
the same molecule, despite their obvious synthetic limitations. As previously discussed in Chapter
4, intramolecular substrates have previously been used to mitigate the effect of fast isomerization
of imines from their triplet excited states, which prevents [2+2] cycloaddition from occurring. As

our work showed, QDs easily sensitize the triplet states of aromatic oximes, even when the QDs’
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triplet energies are below those of the oximes’, likely due to non-vertical energy transfer. The
oximes then go on to rapidly isomerize rather than participate in cycloaddition. If QDs can
successfully mediate [2+2] cycloaddition in an intramolecular substrate of similar design, such as
the one shown in Figure 5.1, the result would confirm that [2+2] aza Paterno-Buchi reactions can
in fact occur at QD surfaces. This would show that HOOC N,OMe

there aren’t any other QD EnT or surface effects \©\/\/O\)I\©
that prevent coupling from occurring, at least in an

N,OMe
intramolecular substrate, and would provide @V\/O \)|\©\
COOH

motivation to continue work towards an

intermolecular reaction at QD surfaces. The
HOOC

N .OMe
location of the binding group could also be altered, \©\/\/O\)I\©\
z
COOH

or multiple binding groups could be used, as

Figure 5.1. Proposed structures for intramolecular
substrate for [2+2] aza Paterno-Buchi reaction at QD
surfaces.

shown in Figure 5.1. Due to the nature of TT-EnT
from QDs to bound substrates, in which orbital
overlap between QD and acceptor is likely required, this might affect whether or not the oxime
moiety is sensitized and undergoes isomerization vs. cycloaddition to the olefin moiety.
5.2.6 Continued investigation of olefin and imine substrate binding at QD surfaces

A presumable key to successful [2+2] cycloaddition with QDs is the co-localization of both
substrates at the QD surface. The work discussed in Chapter 4 generally followed reaction
conditions used in olefin-olefin cycloadditions at QD surfaces.®” However, this assumes similar
binding affinities between olefins and imines. If the binding affinity is much higher for olefins
than imines, as our work may suggest (see Section 4.3.3), the probability of an imine and olefin

binding next to each other, a requirement for successful cycloaddition, is very low and the reaction
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will not occur. Measuring the binding affinities of olefin and imine substrates to QDs using 'H
NMR spectroscopy®® would therefore provide further insight on whether or not substrates are likely
to co-localize under the given reaction conditions. This work could direct redesign of the reaction
conditions, particularly equivalents of each substrate per QD, which could lead to successful aza
Paterno-Buchi reactivity.
5.2.7 Alternative methods of substrate localization in QD-mediated aza Paterno-Buchi reaction

Thus far the substrate scope of QD-mediated TT-EnT [2+2] cycloadditions between olefins
has been limited to substrates with carboxylate groups that bind to QD surfaces. The work towards
a QD-mediated aza Paterno-Buchi reaction presented in Chapter 4 also remained within this scope.
However, other methods of substrate localization could be envisioned,” which may expand the
substrate scope while retaining the advantages of using QDs in this reaction, mainly high regio-
and diastereoselectivity. For example, TT-EnT from QDs to anthracene derivatives tethered by
phosphonate ligands has recently been demonstrated.”> Amines are also known to bind to QD
surfaces and could be another alternative option for substrate design. These options increase the
potential substrate scope and may exhibit less of the undesired side reactivity observed in some
oxime carboxylates (see Figure 4.10). Finally, QDs could be prepared with ligands that can
hydrogen bond to substrates. Bach and coworkers recently demonstrated that this is an effective
method for enantioselective synthesis of azetidines mediated by organic dyes.®? Imine substrates
would require hydrogen bonding sites but no carboxylate group, which again might decrease the
chance of side reactions.
5.2.8 Study of non-vertical triplet energy transfer from QDs to aromatic oximes

As discussed in Chapter 4, energy transfer from QDs to the aromatic oxime 1 appears to occur

via a non-vertical energy transfer (NVET) mechanism. This phenomenon could be further
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explored. The easy tunability of the triplet energy of QDs simply by changing their size would
allow one to easily study the change in rate of TT-EnT from QDs to 1 as a function of triplet
energy. Similar studies have been performed with transition metals complexes of varying triplet
energy but the tunability of QDs may allow for more useful data points to be collected. The rate
of TT-EnT could be measured by observing the rate of QD ground state bleach decay in transient
absorption spectroscopy, and possibly by direct observation of absorption by the triplet state of 1,
if it does not overlap with QD features. The experiments could also be conducted at low

temperature to see if the thermal contributions to TT-EnT can be suppressed.
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Appendix A: Cyclic Voltammetry of Silyl Bis
Enol Ethers
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A.1 Introduction

This section describes the electrochemical characterization of a series of silyl bis enol ethers
by cyclic voltammetry. Oxidation of these compounds using cerium ammonium nitrate (CAN)
results in 1,4-diketones with high diastereoselectivity, as shown in Scheme 1.°* Recently, we found
that this reaction can also proceed via electrochemical or photocatalytic methods. We used cyclic
voltammetry to i) estimate the oxidation potentials of our substrates and inform photocatalyst
selection (see Section 1.3.2) and ii) use the cyclic voltammograms obtained to glean further insight
into the reactivity of the complex under chemical, electrochemical, and photocatalytic conditions.

The full results are in preparation and we hope to submit them for publication shortly.

FPr  i-Pr Oxidation Method:
_Si_ a. Stochiometic CAN (2 equiv)
o 0 b. Constant current (2.0 mA)

R@ GFH c¢. Photocatalytic [Ru(bpz)s][PFgls (5 mol%)

Scheme A.1. Reaction scheme for oxidation of silyl bis enol ethers by a) chemical oxidation, b) electrochemical
oxidation, or ¢) photocatalytic oxidation.

A.2 Results and Discussion

The cyclic voltammograms of substrates 8a-80 are shown in Figures A.1-A.3. All
voltammograms were collected by dissolving the substrates in 6:1 anhydrous, distilled
MeCN:EtCN with 100 mM tetrabutylammonium hexafluorophosphate, degassing with nitrogen,
and immersing a three electrode system (glassy carbon working electrode, platinum counter
electrode, silver pseudoreference electrode). The voltammagram potentials were referenced by
addition of the internal standard ferrocene or decamethylferrocene (not shown in figures for
clarity). They appeared to fall into three general categories, characterized by 1) single large

oxidative waves, ii) two successive oxidative waves, and iii) poorly defined oxidative waves. All
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Figure A.l. Cyclic voltammograms of substrates 8a through 8f, collected at 50 mV/s scan rate in 6:1
MeCN:EtCN with 100 mM TBAPFs supporting electrolyte, using a glassy carbon working electrode, platinum
wire counter electrode, and silver wire pseudoreference electrode (corrected by addition of ferrocene or
decamethylferrocene, not shown for clarity).

compounds had oxidative waves above ca. +2.0 V vs. SCE but at such high potentials this could
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Figure A.2. Cyclic voltammograms of substrates 8g through 8l, collected at 50 mV/s scan rate in 6:1 MeCN:EtCN
with 100 mM TBAPFs supporting electrolyte, using a glassy carbon working electrode, platinum wire counter
electrode, and silver wire pseudoreference electrode (corrected by addition of ferrocene or decamethylferrocene, not
shown for clarity).

quite likely be due to aromatic C-H bond oxidation.”> The single large oxidative waves are likely
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MeCN:EtCN with 100 mM TBAPFs supporting electrolyte, using a glassy carbon working electrode, platinum
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two electron oxidations occurring at the same or very similar potentials; substrate 8m is a good

example in which two peaks appear to clearly be nearly overlapping. Poorly defined waves

appeared to occur for substrates that had multiple functional groups that might be oxidized in the

potential window, such as substrates 8o and 8e. We are still in the process of rationalizing our

chemical and electrochemical results in the context of these data. However, we did observe that,

as expected, the photocatalyst used in our study, Ru(bpz);**, was unable to oxidize substrates

above a certain potential, ca. +1.45 V vs. SCE, above which the reduction potential and excited

state energy of the photocatalyst are insufficient to drive spontaneous electron transfer.” As
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aforementioned, our full synthetic results will be reported in an upcoming publication (as well as

in Aidan Caravana’s thesis).
A.3 Experimental Details

A.3.1 Substrate synthesis
Substrates were synthesized by Aidan Caravana (Thomson Lab) using established procedures or
adaptations of established procedures.”® Synthetic data will be reported in an upcoming publication

and/or in Aidan’s thesis work.

A.3.2 Cyclic voltammetry

Cyclic voltammetry was performed using a Princeton Applied Instruments VERSASTAT 3
potentiostat. All samples were dissolved in distilled, anhydrous 6:1 MeCN:EtCN with 100 mM
tetrabutylammonium hexafluorophosphate (TBAPFs) supporting electrolyte and degassed with N
before measurement. A three-electrode setup was used, with glassy carbon as the working
electrode, a platinum wire as the counter electrode, and a silver wire as a pseudoreference
electrode. The voltammograms were collected at a scan rate of 50 mV/s and internally referenced
to ferrocene or decamethylferrocene, which was dissolved in the analyte solutions, and then

referenced to SCE based on the potential of the ferrocene or decamethylferrocene couple.
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