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ABSTRACT

Synthesis, Behavior, and Applications of Molecules with Redox-Switchable Properties

by

Camden Hunt

Molecules with reversible, redox-switchable properties have potential application in many
fields, including catalysis, electronics, waste remediation, and energy storage. To further this
field, a detailed understanding of the relationship between chemical structure and electronic
properties must be developed for different systems. Here, we first examine this relationship
for phthalocyanines, a well-studied class of macrocyclic ligand. We first discuss generalized
synthesis and characterization of a library of soluble, metal phthalocyanine species, and then
proceed to investigate the electronic character of this macrocyclic ligand in extreme detail
with modern experimental and computational methods, and discuss a fundamental discovery
regarding a terminal manganese nitride phthalocyanine (F©°PcMnN) that is the first reported
molecular species capable of reversibly switching between aromatic, non-aromatic, and anti-
aromatic states. We then discuss possible reasons for the extreme stability of E©°©PcMnN, and
discuss more generalized conclusions pertaining to the electronic character of other
phthalocyanines and related aromatic macrocycles.

Further studies leverage the unusual stability of E'°PcMnN for energy storage applications,
revealing a potential use as a symmetric redox-flow battery charge carrier. Electrochemical

kinetics and battery measurements are performed, revealing that #°PcMnN can function as a

Vi



2-electron symmetric charge carrier capable of functioning as both anolyte and catholyte in a
redox flow battery. A new architecture for redox-flow batteries is also developed, in which a
redox-active “sediment” is utilized in lieu of a traditional solution-state charge carrier, and
represents a possible strategy for increasing charge carrier loading beyond the solubility
limit while preventing the high viscosity typically associated with slurry-based systems.
Finally, the redox-switchable properties of another class of ligand, carboranes, are examined
for application as reversible chelating agents. It is demonstrated with a carborane phosphine
species that redox events can be accessed to induce a C-C bond scission which results in a
structural distortion of the carborane that can be utilized as a “molecular switch” capable of
changing the bond angle of the phosphine ligands, resulting in a convenient electrochemical
switch for the capture and release of metal ions. We demonstrate a proof-of-concept system
in which uranyl can be electrochemically captured and released from biphasic systems in a
reversible manner, and discuss the application of such systems for new nuclear waste

remediation strategies.
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Chapter 1

Introduction



1.1 Renewable Energy and Grid-Scale Energy Storage

1.1.1 Overview

Renewable energy production is rapidly expanding as humanity attempts to shift away from
fossil fuel as an energy source in an effort to mitigate the effects of climate change, which is
unarguably the most critical issue facing our species, and is occurring faster than initial
models predicted.! As of 2018, there is an estimated 33.1 Gt of anthropogenic CO; in the
atmosphere, and we continue to emit it at an accelerated rate.? Atmospheric CO:
concentrations reside at 407.4 ppm as of 2018, an unsettling value given that pre-industrial
era CO2 levels resided between 180 and 280 ppm.? The unanimous consensus in the
scientific community is that we must make efforts to reduce our dependency on fossil fuel,
as the results of an unmitigated rise in global temperatures will be calamitous to the species
in a short period of time.2 There are many urgently needed technological and socioeconomic
shifts that must occur in order to reduce our dependency on fossil fuel and petroleum-based
products, but arguably the most urgent task is to shift energy production from non-
renewable to renewable sources, as fossil fuel combustion accounts for 76% of all
anthropogenic CO, emitted.

Fortunately, photovoltaic (PV) technologies have been nothing short of a success story and
have seen a price reduction of two orders of magnitude in a 40-year period.> The current cost
of PV power production in the U.S. currently around $0.05/kWh?®, and expected to drop to as
a low as $0.03/kWhe€, which would be directly competitive with fossil steam. Additionally,
PV is an inherently modular technology with the added benefit of almost arbitrary
scalability, unlike fossil steam which requires greater initial capital investment for the plant
development. The current installed capacity of PV power production is 500 GW, with an

additional 500 GW expected by 2022-2023.7



Recently, it was proposed that TW-scale photovoltaic energy production may be possible,
with targets of 3 to 10 TW of PV by 2030, and 30 to 70 TW by 2050.” While ambitious, this
IS not an impossible task, especially if new PV technologies continue to lower the cost of
production. However, for this timetable to be realized monumental improvements in grid-
scale energy storage will need to be developed in tandem with the aim of developing a
network of generation, storage, and distribution that can overcome the inherent intermittency
of PV power production and allow for comprehensive renewable energy-based electrical
grid.®

Most modern electrical grids have virtually no storage capacity, with the United States
(U.S.) grid only capable of storing ~2.5% of the electrical energy generated®, and the
majority of that (94%) coming from pumped-storage hydroelectricity.’® Any viable method
for storing and releasing energy at grid-scale must do so at a cost comparable with fossil
steam power production for meaningful, widespread implementation. Given the previously
mentioned low cost of power production by fossil fuel combustion, this is a demanding
challenge. Of the potential methods of storage that could meet this challenge (physical'**?,
thermal'3, chemical4, electrochemical'®, etc.), electrochemical energy storage is an obvious
choice that will likely play a major role due to the scalability, versatility, and well-
established manufacturing methodologies. However, the vast majority of electrochemical
cell architectures are specifically designed for device applications, where the primary
considerations are cost, cycle life, and energy density, with the chemistries and cell design
reflecting a careful balance of this triad. In contrast, this balance is tilted for grid-scale
energy storage: there is more emphasis placed on cost and cycle life, and less placed on
energy density, necessitating alternative strategies that would traditionally not be considered

for device applications due to a lower energy density. This need is growing an



underexplored regime of electrochemical research, resulting in novel battery chemistries and
cell designs intended for low-cost, mass production to meet the colossal storage demand of a

renewable-centric electrical grid.86

1.1.2 Redox Flow Batteries

Of the aforementioned new battery architectures, redox flow batteries (RFBs) have been
identified as promising candidates capable of meeting the near-term U.S. Department of
Energy (DOE) economic targets for grid-scale energy storage systems ($250/kWh with a
system efficiency of ~80% and a cycle life of 3,900 cycles).r” RFBs utilize dissolved or
suspended electroactive material that is pumped past inert flow field electrodes, with the
electrodes mediating charge/discharge processes of the electroactive material, and a thin
separator allowing the selective transport of supporting electrolyte ions (Figure 1.1) to
maintain charge balance on charge/discharge.'® This is in contrast with non-flow battery

systems where the electrodes themselves are the electroactive material.



Negative Positive
Reservoir Reservoir

Separator

Figure 1.1. General operating principles of an asymmetric RFB.

The principal advantage of RFBs is that total energy and power densities are decoupled,
meaning the charge/discharge rates of the cell can be varied to match the power flux of the
grid by control of electrode surface area, while the energy capacity can be adjusted by
control of the reservoir sizes.'® Despite advantageous design characteristics, widespread
commercialization of systems such as RFBs is hindered by an inadequate balance of
performance and cost, rendering the cost uncompetitive with conventional Li-ion batteries
($80-$150/kWh).8.1°

A significant portion of initial capital cost (up to ~20%) of RFBs and notable obstacle to

widespread commercialization is the membrane which separates the catholyte and anolyte



compartments containing the negatively and positively charged redox-active components,
respectively.?’ It serves to prevent self-discharge and allow migration of supporting
electrolyte ions, while also preventing the mixing of catholyte and anolyte solutions, a
commonly observed problem which leads to cumulative capacity fade and eventual cell
degradation. While much research is currently focused on improving membrane
performance?!, an alternative strategy of increasing cycle life and lowering cost involves the
use of a symmetric electrolyte where the catholyte and anolyte contain the same redox-

active components (Figure 1.2).22-%7
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Figure 1.2. General operating principles of a symmetric RFB.



This both increases the cycle life by eliminating capacity fade due to membrane crossover of
electroactive species and reduces the cost by substituting ion-exchange membranes with
inexpensive porous membranes.?? This is especially attractive for non-aqueous systems, as
the majority of commercially available ion-exchange membranes are designed and
optimized for use with aqueous systems, and suffer from poor conductivity in non-aqueous
solvents.?! Additionally, most non-aqueous RFBs operate at high potentials with charged
carrier states potentially incompatible with ion-exchange membranes. Utilizing a
chemically-inert, porous separator of known composition and morphology has the potential
to eliminate membrane/charge carrier degradation pathways, and typically gives low
resistance in non-aqueous solvents.?28 Despite these advantages, there are still only a few
examples of symmetric charge carriers used for RFB applications, primarily due to the
difficulty of developing complexes with that can be both reversibly oxidized and reduced in

a stable manner and that are also economically-feasible.

1.2 Nuclear Power Production and Nuclear Waste Remediation

1.2.1 Overview

As discussed previously, a major limitation of renewable energy power production is the
inherent intermittency of renewable energy sources, necessitating the need for grid-scale
energy storage or an alternative method of producing consistent, base-load power.?® One
attractive base-load power source to supplement renewables is nuclear power.®® Nuclear
power currently accounts for ~20% of all electrical power produced in the U.S.3!, but
widespread proliferation has been historically limited for a variety of concerns, including
disposal of fissile byproducts, potential catastrophic failure of plants, and the national

security danger associated with producing and using enriched fissile uranium.®? Despite



these concerns, nuclear power is capable of providing large quantities of clean electrical
energy as there is no combustion process to produce COy. It is widely recognized that
increasing nuclear power development is a likely necessity to supplement renewable energy
in an effort to reduce fossil fuel dependence. Indeed, despite hesitation by the U.S. to fully
commit to expanding nuclear power, France has demonstrated that is feasible to safely
provide a tremendous quantity of electrical energy in a safe manner, as currently 87% of
French electricity is derived from fission.3® Additionally, the design of smaller, modular
reactors is currently underway, which is predicted to substantially streamline production of
nuclear power plants and lower initial capital cost while simultaneously providing a much
safer system than existing nuclear power plants.3* As this reactor technology becomes
available nuclear power is likely to experience a rapid growth in developed nations, but the

concern of fissile waste disposal remains.3®

1.2.2 Nuclear Waste Chelation and the PUREX Process

Despite the potential benefits of expanding nuclear power and a technological effort to
design smaller/safer reactors, waste disposal remains a principle cause of nations that are
refraining from producing new nuclear power plants.3® One method of mitigating this
concern is through nuclear waste reprocessing, in which uranium and plutonium are
selectively extracted from spent fissile material and purified for further use.®® This reduces
the amount of nuclear waste produced, reducing disposal costs, and provides more fissile
material for further use. Currently, reprocessing of spent nuclear fuel is performed through
the industrial Plutonium and Uranium Reduction EXtraction (PUREX) process, which
utilizes tributylphosphate in an organic phase to extract UO2%* and Pu'V from a highly acidic

aqueous phase.®¢3” While possible, this decades-old process is difficult and expensive.



Developing alternative methods of reprocessing could prove invaluable in advancing the
proliferation of nuclear power and could prove of great importance to the long-term viability

and safety of the nuclear energy sector.

1.3 Scope of Thesis

As will be described in this thesis, the primary objective of my graduate research was to
examine 3d metal phthalocyanines as potential charge carrier candidates for symmetric
redox flow batteries, and to better understand their electrochemical behavior (Chapter 2). In
doing so, we made a fundamental discovery regarding the behavior and nature of
phthalocyanine aromatic circuits through the synthesis and characterization of the first
crystallographically-isolated phthalocyanine terminal nitride, a complex with extraordinary
electrochemical stability and a highly unusual lack of reactivity for a nitride. This complex
was demonstrated to be the first characterized example of a molecular species that can
switch between aromatic, non-aromatic, and antiaromatic states without forming or breaking
covalent bonds (Chapter 3). We proceed to demonstrate that this complex is capable as
functioning as a charge carrier in a sediment-based symmetric redox flow battery, and
discuss the electrochemical kinetics and stability in depth (Chapter 4). Finally, we leverage
the knowledge and expertise developed during the flow battery project to design an elegant
method for the reversible electrochemical capture and release of UO2%* ions from a biphasic
system utilizing a novel carborane-based bidentate chelator, with the intent of further
developing the system for nuclear waste remediation.

In Chapter 2, all compounds except 2.4, 2.5, and 2.8 were prepared and characterized by the
author. 2.4 was prepared by Shannon Heinrich, 2.5 was prepared by Zongheng Wang, and

2.8 was prepared by both the author and Madeline Peterson. Matrix-assisted laser



desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) was performed by
Madeline Peterson for all compounds discussed. With the exception of elemental analyses
and X-ray experiments, all synthetic, electrochemical, and characterization work in Chapter
3 and Chapter 4 were performed by the author. Computational analyses in Chapter 3 was
performed by Prof. Steven Scheiner at Utah State University. The structure of compound
3.22* was collected by Tieyang Chang at ChemMatCARS at the University of Chicago. In
chapter 5, the vast majority of the synthesis and characterization was performed by Megan
Keener and Tim Carroll, and the electrochemistry was performed by the author and Megan
Keener.

I would like to acknowledge that Chapter 2 is collaborative effort, for which | am incredibly
grateful to Madeline Peterson, Zongheng Wang, and Shannon Heinrich for their expertise
and efforts.

I would like to acknowledge that the work in Chapter 5 was started of Megan Keener, who
was incredibly creative in developing this system. My role in this project was to take what |
had learned about electrochemistry while working on flow batteries to aid in developing an
electrochemical system in which we could demonstrate reversible capture and release of
UO2?*, both in a monophasic and biphasic system. | would like to thank Megan and Gab for
the opportunity to contribute to this work, and also to Tim Carroll, who was invaluable in
finishing the synthetic portion of this project, and who really pioneered the development of
the biphasic system.

At the time of this writing, portions of Chapter 2 are currently being prepared as a
manuscript. Portions of Chapter 3 and Chapter 4 have been published. Portions of Chapter 5

have been accepted.
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Chapter 2

Synthesis, Characterization, and Electrochemistry of a Series of

Phthalocyanines
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2.1 Introduction

Phthalocyanines (Pcs) are a well-studied class of easily-prepared macrocycle that exhibit
excellent stability, rich electrochemistry, and useful optoelectronic properties.t~3 Pcs share a
structural similarity with porphyrins (Figure 2.1) including similar delocalized m-bonding

networks, chemical behavior, and material properties.*-®

e won
oSS

Phthalocyanine (Pc) Porphyrin

Figure 2.1. General structure of phthalocyanines (left) and porphyrins (right).

Pcs have found use in a variety of technologies for both their physical and chemical
properties, including semiconductors’?, sensors'®-13, dyes/sensitizers'*8, catalysts'’*8, and
energy storage.'®?! Despite their utility, design principles for how ligand substituent and
choice of metal center affect the optoelectronic properties are still being developed. The role
of ligand substitution is fairly well understood, and trends for how substitution on the
aromatic periphery influences the optoelectronic properties have been developed through
comparative series comprised of Pc rings with varying substitution patterns.?>* However, a
direct analysis of the role of the metal center is often difficult due to the extremely diverse
number of substituted Pcs in the literature, as a comparative analysis of a metal Pc series

16



with different substituents is inconclusive at best, misleading at worst. Developing a large,
isostructural comparative series would aid in treating the metal center as a meaningful
parameter space, and help understand the role of metal choice in the spatial and energetic
position of the frontier orbitals, both important metrics to understand for virtually all optical,
electronic, catalytic, and energy storage applications.?>?® As our group has demonstrated in
previous work?’, the key for drawing reliable conclusions from such a comparative series is
the isolation of material that is of demonstratable high purity (i.e isolation of single crystals),
followed by extensive experimental and computational characterization.

Here, we report an isostructural Pc 3d transition metal series containing VO, Cr, Fe, Co, Ni,
and Cu as the central motif. We explore the structural properties through a combination of
single crystal X-ray diffraction (XRD), UV-Vis, and cyclic voltammetry. The series is
discussed within the context of a previously performed 3d phthalocyanine series
computational analysis?®, and the electrochemistry reveals that many members of the series
do not exhibit clean reversible redox events, whereas other members of the series do. As part
of this study, we believe we have identified a key pattern: Phthalocyanines with non-labile
terminal substituents appear to exhibit more reversible, well-defined electrochemistry when
compared with their axially-bare counterparts, and also do not appear to exhibit non-
diffusional electrochemical plating responses. This pattern may provide an important design
principle for the development of Pc species with reversible electrochemistry, whether for
optical, electronic, catalytic, or energy storage applications.

Below, we will discuss the general synthetic routes and routine characterization of each
EOpecM (BOPc = 1,4,8,11,15,18,22,25-0ctaethoxy-Pc; M = HLi, Hz, VO, Cr, Fe, Co, Ni, Cu)
species discussed, followed by an in-depth discussion of the structural and electrochemical

properties of each species.
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2.2 Results and Discussion

2.2.1 Synthesis and Characterization of ©°PcHLi (2.1)

The symmetrically substituted mono-lithiated Pc, Lithium 1,4,8,11,15,18,22,25-
Octaethoxyphthalocyanine (2.1), was prepared by previously reported methods?’ with minor
optimization (see Experimental). The monomeric precursor 3,6-diethoxyphthalonitrile is
readily prepared by alkylation of 2,3-dicyanohydroquinone with ethyl iodide by a
Williamson ether synthesis, and subsequent treatment of 3,6-diethoxyphthalonitrle in
refluxing EtOH with excess Li® under an argon atmosphere resulted in a dark blue solution

that was left at reflux for 5 days (Scheme 2.1, path i).
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OH 0J N\
/
//N ~ //N i [0} ) N\ /N‘ 0\
- - . ) N Li NH
NS K2CO3, A N \N/ \N
OH Oj \N =~

o—\_ O

iii, vi,
vii, viii

M =VO, Cr, Fe, Co, Ni, Cu
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Scheme 2.1. Synthesis of all ®'OPcM species discussed (M = HLi, Hz, VO, Cr, Fe, Co, Ni,
Cu). i) Li% EtOH, reflux, 5 days; ii) HCI, H20, r.t., 2 days; iii) VOSO4(H20)s, NaHCOs3,
DMF, 145 °C, 4 h; iv) CrCly, NaHCOs, DMF, 100 °C, 5 h; v) Fe(OAc)2, CeHsCHs, reflux, 1
d; vi) CoClz, NaHCO3, DMF, 145 °C, 4 h; vii) NiCl,, NaHCOz, DMF, 145 °C, 4 h; viii)

CuCly, NaHCO3, DMF, reflux, 20 h

Exposure of this solution to oxygen resulted in an immediate color change from dark blue to
dark green. The blue coloration is presumably the mono-anion of 2.1, produced by reduction
from the excess Li%. The generated macrocyclic 2.1 is a dark green solid with moderate
solubility in CH2Cl», and exhibits 2 strong absorbance bands in the red (Figure 2.1, Amax =
723 nm; Amax = 783 nm). Comparable splitting of spectral bands in porphyrin-based systems
has been attributed to dimerization/aggregation?®-31, although here we cannot exclude the
possible of reduced symmetry as the root cause of the splitting®?, which has been
demonstrated with other porphyrinoids to split the eq set of Gouterman’s Dan-derived four
orbital model.®® Given the BOHLi is essentially pseudo-Cay with a Cz-axis bisecting the site
of protonation, it is not unreasonable to assume that the ey set is split into the non-

degenerate a2 and by set, similar to corroles, another Cay porphyrinoid.
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Figure 2.2. UV-Vis spectrum of 2.1 taken in CH2Cl2 (2.9 uM).
Trapezoidal single crystals of 2.1 suitable for XRD studies were grown by vapor diffusion of

diethyl ether into a saturated solution of CH.Cl,, confirming the presence of Li in the central

cavity (Figure 2.2).
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Figure 2.3. Solid-state molecular structure of 2.1. Hydrogen atoms (excluding Hmeso) and

co-crystallized solvent are omitted for clarity.

Bond metrics of 2.1 are comparable (Table 2.9) to other reported metallophthalocyanine
species with the same octa-ethoxy substitution pattern.?’-3* The diamagnetic species exhibits
reduced symmetry in the *H NMR, and a far downfield singlet at 14.75 ppm, both of which
suggests protonation of a meso/bridging nitrogen, illustrating the capacity of the mono-

protonated Pc framework to act as a mono-anionic, L3X-type macrocyclic ligand.

2.2.2 Synthesis and Characterization of F©°PcH; (2.2)

2.2 could be obtained in high yield by treatment of an aqueous suspension of 2.1 with
concentrated HCI over the course of several days (Scheme 2.1, path ii), which was tracked
by *H NMR, gradually resolving the low-symmetry aromatic, methylene, and methyl signals

of 2.1 into a well-defined singlet, quartet, and triplet (respectively) over 48 h (Figure 2.4).
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Figure 2.4. *H NMR spectra illustrating the HCI-induced conversion of 2.1 to 2.2 over 48 h,

taken in CDCl..

Square single crystals of 2.2 were grown in a similar manner as for 2.1, by vapor diffusion

of diethyl ether into a saturated solution of CH2Cl,, confirming the absence of any metal

center (Figure 2.5).
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Figure 2.5. Solid-state molecular structure of 2.2. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

The dark green solid material has moderate solubility in CH2Cl, with a slightly shifted

absorbance relative to 2.1, (Figure 2.6, Amax = 770 nm).
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Figure 2.6. UV-Vis spectrum of 2.2 taken in CH2Cl> (3.6 uM).

2.2.3 Synthesis and Characterization of E°°PcVO (2.3)

2.3 was prepared by previously reported methods3* with minor optimization (see
Experimental). A mixture of 2.1, VO(SO4)*5H,0, and NaHCO3 was heated to 145 °C in
DMF for 4 h yielded a dark green product (Figure 2.7, Amax = 786 nm) after purification

(Scheme 2.1, path iii).
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Figure 2.7. UV-Vis spectrum of 2.3 taken in CH2Cl> (4.3 uM).

Single crystals suitable for XRD studies were grown by vapor diffusion of ether into a
saturated solution of CH2Cl», confirming the presence of the VO moiety in the central cavity
of the Pc ring (Figure 2.8). The V=0 bond in 2.3 is 1.593 A, similar to other V=0 bonds in
comparable symmetry and oxidation state. Bond metrics of the central phthalocyanine ring
were comparable to other Pc species described here (Table 2.11), although the ring is
slightly bent out of plane (Figure 2.8). The central VV(IV) atom is slightly puckered out of the

ring plane by 0.545 A, a common occurrence for vanadyl macrocyclic species.3%3
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Figure 2.8. Solid-state molecular structure of 2.3. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

X-band EPR was performed on 2.3 in a frozen CHxCl at 100 K, revealing an axial 8-line

signal indicative of a d-system localized on V (Figure 2.9).
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Figure 2.9. X-band EPR spectrum of 2.3 taken in CH2Cl; at 100K.

Localization of the unpaired electron on the V center is also supported by the *H NMR
spectrum in CD2Cl2 (Figure 2.10), which show weakly paramagnetically-broadened signals
for the aromatic, methylene, and methyl peaks, but not silent as has been reported for

delocalized Pc radicals reported in this ligand framework.?’
2.2.4 Synthesis and Characterization of F©°PcCr (2.4)

2.4 was prepared under inert atmosphere using a similar methodology as for other

metallophthalocyanine species. A mixture of 2.1, CrClz, and NaHCO3 was slurried with
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DMF in a pressure vessel, sealed, and heated to 100 °C for 5 h, resulting in a dark blue-green

product (Figure 2.11, Amax = 771 nm) after purification (Scheme 2.1, path iv).

0.6 1
Amax = 771 nm

0.4 -

Absorbance

0.0 -

400 600 800
Wavelength (nm)

Figure 2.10. UV-Vis spectrum of 2.4 taken in CH2Cl (5.2 uM).
Single crystals suitable for XRD studies were grown by vapor diffusion of 2,2,4,4-

methylpentane into a saturated solution of THF, revealing the presence of Cr with two

axially coordinated THF molecules, with a Cr-O™F distance of 2.062 A (Figure 2.12).
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Figure 2.11. Solid-state molecular structure of 2.4. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

The dried, isolated crystals of 2.4 displayed a paramagnetically-broadened 'H NMR signal,

suggesting an intermediate or high spin d* system (Figure 2.13).

2.2.5 Synthesis and Characterization of F°PcFe (2.5)

2.5 was prepared under inert atmosphere using a similar methodology as for other
metallophthalocyanine species. A mixture of 2.2 and Fe(OAc). was heated to reflux in
toulene for 24 h yielded a dark green powder (Figure 2.14, Amax = 765 nm) after purification

(Scheme 2.1, path v).
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Figure 2.12. UV-Vis spectrum of 2.5 taken in CH2Cl> (9.1 uM).

Single crystals suitable for XRD studies were grown by vapor diffusion of diethyl ether into

a saturated solution of CH2Cl,, revealing the presence of Fe in the central cavity with no

axial substituents (Figure 2.15).
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Figure 2.13. Solid-state molecular structure of 2.5. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

The isolated crystals of 2.5 displayed a paramagnetically-shifted *H NMR spectrum, with an
aromatic singlet at 3.44 ppm, a methylene triplet at 4.32 ppm, and a methyl quartet at 9.90
ppm. The unusual position of the aromatic and methyl resonances is consistent with a
paramagnetically-shifted spectrum (Figure 2.16), suggesting an intermediate or high spin d®
Fe center. These atypical 'H NMR assignments are supported by both *H-'H Correlation
Spectroscopy (COSY;; Figure 2.17), although it is unclear why the signals are well resolved

and residing within a traditional diamagnetic window.
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Figure 2.14. *H NMR spectrum of 2.5, taken in CD2Cl>.
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Figure 2.15. COSY NMR spectrum of 2.5, taken in CD2Clo.
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Zero-field >"Fe Mossbauer spectroscopic measurements revealed a quadrupole doublet with
an isomer shift value at 5 = 0.33 mm*s* with a quadrupole splitting value of 1.37 mm*s-,
The isomer shift is intermediate between a low-spin and high-spin Fe(ll), consistent with the

spin assignment of unsubstituted Fe(l1) phthalocyanines (Figure 2.18).%’
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Figure 2.16. Mdssbauer spectrum of 2.5, with isomer shift and quadrupole splitting values

(lower left). Taken at 100 K.

2.2.6 Synthesis and Characterization of E°°PcCo (2.6)
2.6 was prepared under an inert atmosphere using a similar methodology as for other
metallophthalocyanine species. A mixture of 2.1, CoClz, and NaHCOs was heated to reflux

in DMF for 4 h yielded a dark blue-green product (Figure 2.19, Amax = 738 nm) after

purification (Scheme 2.1, path vi).
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Figure 2.17. UV-Vis spectrum of 2.6 taken in CH2Cl> (11.6 uM).
Single crystals suitable for XRD studies were grown by vapor diffusion of diethyl ether into

a saturated solution of CH2Cly, revealing the presence of Co in the central cavity with no

axial substituents (Figure 2.20).
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Figure 2.18. Solid-state molecular structure of 2.6. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

The isolated crystals of 2.6 exhibited a surprising sharp reduction in solubility in CHCl; in
comparison to the powder product, prohibiting collection of the 'H NMR in CDCl..
However, the crystalline product was sparingly soluble in THF-dg, and displayed a

paramagnetically-broadened *H NMR signal (Figure 2.21).

2.2.7 Synthesis and Characterization of F©°PcNi (2.7)
2.7 was prepared using a similar method as previously reported. A mixture of 2.1, NiCly,
and NaHCO:g in heated to 145 °C in DMF for 4 h yielded a dark green product (Figure 2.22,

Amax = 742 nm) after purification (Scheme 2.1, path vii).
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Figure 2.19. UV-Vis spectrum of 2.7 taken in CH2Cl> (4.7 uM).

Single crystals suitable for XRD studies were grown by vapor diffusion of ether into a
saturated solution of CH2Cl», confirming the presence of Ni metal in the central cavity of the
Pc ring (Figure 2.23). Bond metrics of the central phthalocyanine ring were comparable to

other Pc species described here.
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Figure 2.20. Solid-state molecular structure of 2.7. Hydrogen atoms and co-crystallized

solvent are omitted for clarity.

The 'H NMR taken CD.Cl; reveals three broad signals in the diamagnetic region, suggesting

either an intermediate or high spin system localized on the Ni center (Figure 2.24), similar to

2.3.

2.2.8 Synthesis and Characterization of E°°PcCu (2.8)

2.8 was prepared in similar manner to previously reported methods. A mixture of 2.1, CuCly,
and NaHCO:g in heated to 145 °C in DMF for 4 h yielded a dark green product (Figure 2.25,

Amax = 750 nm) after purification (Scheme 2.1, path viii).
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Figure 2.21. UV-Vis spectrum of 2.8 taken in CH2Cl> (9.5 uM).

The 'H NMR taken CD2Cl, reveals three broad signals in the diamagnetic region, suggesting
an intermediate or high spin system localized on the Cu center (Figure 2.26), similar to 2.3.
X-band EPR was performed on 2.8 in a frozen CH>Cl at 100 K, revealing a rhombic 8-line

signal indicative of a d*-system localized on V (Figure 2.27).
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Figure 2.22. X-band EPR spectrum of 2.8 taken in CH2Cl at 100K.

2.2.9 Electrochemistry

The electrochemistry of all isolated E©°PcM (M = HLi, Hz, VO, Cr, Fe, Co, Ni, Cu) species
was investigated to gain an understanding of the effect of the central metal atom on the
electrochemical profile. As will be seen in the following chapter, we have demonstrated the
electrochemical properties of this particular ligand framework with B°PcMnN (3.2), in
which a central Mn(V)=N acted as a inert motif that allowed isolation of all available redox
states of the ring, spanning Pc(0)-Pc(4-).2” Previous computational reports seem to suggest
that the HOMO-LUMO position will shift from metal-centered for early 3d metals to ring

centered for late 3d metals.?® The electrochemistry of phthalocyanines has been explored in
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depth,®83 but doing so with a crystallography-isolated metal series of demonstratable purity
with identical ring substitution patterns for all metals is critical to begin drawing meaningful
conclusions regarding the role of the metal center on the electrochemical profile.

First, cyclic voltammetry (CV) was performed on 2.1 and 2.2 to examine the behavior in the
absence of a redox-active metal and in the absence of any metal, respectively. All CVs
discussed were performed under inert atmosphere and reference versus an internal Fc/Fc*
couple (See Experimental for full conditions), and Ep(X) denotes the peak potential of the
event at a scan rate of X V/s. The CV of 2.1 in CHCl; revealed one quasi-reversible
reduction centered at Ey(0.5) = -1.54 V and two quasi-reversible oxidations at Ep(0.5) = -

0.13 V and Ep(0.5) = 0.27 V (Figure 2.28)
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Figure 2.23. CVs of 2.1 at varying scan rates (inset). Experimental conditions: Taken in

CH2Cl> with 0.53 mM of 2.1, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
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electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.

Further negative expansion of the window revealed a large irreversible current response. The
lack a second quasi-reversible event is not unexpected, as there is a proton that can
reasonably be expected to undergo reduction in a similar potential regime. It should be noted
that the current response is fairly low for the concentration, possible due to dimerization or
aggregation effects previously suggested to be responsible for the spectral band-splitting
observed in the UV-Vis (Figure 2.1). As will be discussed below, aggregation effects are a
suspected cause of the reduced electrochemical reversibility observed in F©°PcM species
lacking non-labile axial substituents.

The CV of 2.2 also displays a series of quasi-reversible reductions and oxidations (Figure
2.29). The first reduction occurs at Ep(0.5) = -1.49 V, and unlike 2.1 there is a second
observable quasi-reduction at Ep(0.5) = -1.83 V. We postulate that the protons in 2.2
primarily reside with the central cavity of the Pc ring, and it has been previously suggested
that these interior protons are shared between multiple basic sites as a fast-switching
tautomer.*® Within this context, we propose that the pkA of the protic H atoms in 2.2 is
increased due to the stabilizing effect of being located in the central cavity*' and having
bonding interactions with multiple N atoms, resulting in proton reduction occurring beyond
the second reduction event, in contrast with 2.1 where the protic H atom resides outside the

central cavity.
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Figure 2.24. CVs of 2.2 at varying scan rates (inset). Experimental conditions: Taken in
CHClI> with 0.53 mM of 2.2, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.

The oxidative side of 2.2 exhibits a broad quasi-reversible oxidation at E,(0.5) = 0.52 V,
followed by an exceedingly broad oxidation response that is unassigned. The return sweep
of the oxidative profile gives what appears to be a non-diffusional response at E,(0.5) = -
0.18 V, possibly indicating that the broad feature evident on the oxidative sweep is some
form of deposition event (Figure 2.29). This non-diffusional return sweep does not grow in
response with multiple scans, indicating if the broad oxidative feature is film deposition, it is

readily removed on the return sweep.
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While the E°Pc framework does not exhibit highly reversible with a redox-innocent metal
(2.1) or no metal (2.2), it does exhibit highly reversible electrochemistry with 2.3, displaying
two quasi-reversible reductions with Ep(0.5) =-1.29 V and E,(0.5) = -1.65 V, and two quasi-
reversible oxidations at Ep(0.5) = 0.12 V and Ep(0.5) = 0.55 V. Interestingly, this
electrochemical response (Figure 2.30) is almost identical to that of E©°PcMnN, for which it
was demonstrated that all reduction and oxidation events were ring-centered.?’ As
previously mentioned, it has been suggested that dimerization/aggregation is a major factor
in reducing the reversibility of redox events for phthalocyanines, and we suspect the non-
labile terminal substituent of both 2.3 and E©°PcMnN coupled with the stable metal oxidation

state play a major role in the reversibility of their electrochemical profile.
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Figure 2.25. CVs of 2.3 at varying scan rates (inset). Experimental conditions: Taken in
CH2Cl with 0.45 mM of 2.3, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.
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Similar to 2.1, isolated 2.4 exhibits a series of quasi-reversible events (Figure 2.31), all of
which exhibit a fairly low current response, with a number of poorly defined and/or
overlapping reductive events. Assignment of accurate E, values for these redox features is
made difficult due to the low current response and overlapping nature of the events.
Additionally, the events cannot be definitely assigned as either ring- or metal-centered, due

to the presence of a redox-active Fe center and the non-innocent Pc ligand.
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Figure 2.26. CVs of 2.4 at varying scan rates (inset). Experimental conditions: Taken in
CHClI> with 0.59 mM of 2.4, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.
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Similar to both 2.1 and 2.4, 2.5 exhibits a series of quasi-reversible events (Figure 2.32). As
with 2.4, definitive assignment of these reduction events as ring- or metal-centered is not
possible due to the presence of a redox-active metal and non-innocent ligand. There are two
clear reductive events occurring at Ep(0.1) = -1.60 V and Ep(0.1) = -2.25 V, and three
overlapping oxidative events at Ep(0.1) = -0.09 V, Ep(0.1) = 0.42 V, and Ep(0.1) = 0.78 V.
Given the similarity in potential with 2.3 and F©°PcMnN, it is possible that both reductions
are dominantly ring-centered and that two of the oxidations are also ring-centered, with the

third representing the Fe(I1)/Fe(l11) couple, but more definitive evidence would be needed to

make this assertion.
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Figure 2.27. CVs of 2.5 at varying scan rates (inset). Experimental conditions: Taken in
THF with 0.50 mM of 2.5, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working

electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.
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For 2.6, the recrystallized product exhibits a drastic drop in solubility after isolation of
crystalline material from diethyl ether and CH2Cl2, making acquisition of a suitably
concentrated CV on high purity material difficult (Figure 2.33). Other solvents screened

(MeOH, EtOH, THF, DMF, CH3CN), also showed limited capacity to dissolve isolate 2.6.
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Figure 2.28. CVs of 2.6 at varying scan rates (inset). Experimental conditions: Taken in
CH2CI2/THF (95:5 by volume) with 0.48 mM™ of 2.6, 0.1 M of [BusN][PFs], 3 mm diameter
glassy carbon working electrode, Pt wire counter electrode, and Pt wire pseudo-reference

electrode. Internally referenced to Fc/Fc*. "Material appeared suspended and poorly soluble.

The CV of 2.7 shows two quasi-reversible reductions at Ep(0.5) = -1.65 V and E,(0.5) = -
2.03 V, and two broad, irreversible oxidation events at Ep(0.5) = 0.01 V and E,(0.5) = 0.66
V (Figure 2.34). The return sweep of these oxidation events gives an initial irreversible
response ~ Ep(0.5) = 0.51 V followed by a clean, non-diffusional response at E,(0.5) = -0.24

V, suggesting that film deposition occurred. Additionally, unlike 2.1, repeated sweeps
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within the window causes an increase in the current response, suggesting that irreversible
deposition is occurring at the electrode surface during oxidation, with cathodic stripping

occurring on the return reductive sweep.*?
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Figure 2.29. CVs of 2.7 at varying scan rates (inset). Experimental conditions: Taken in
CHCl> with 0.48 mM of 2.7, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.

Similar to 2.1, the CV of 2.8 shows two quasi-reversible oxidation events at Ep(0.5) = -0.11
V and Ep(0.5) = 0.30 V. Additionally, there are a series of quasi-reversible and irreversible
reduction events, similar to 2.4 (Figure 2.35). The final redox event at Ep(0.5) = -2.37 V
gives a sharp response characteristic of film deposition, although the lack of reversibility

suggests it may be reduction of Cu(ll) to Cu® with concurrent metal deposition.
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Figure 2.30. CVs of 2.8 at varying scan rates (inset). Experimental conditions: Taken in
CHClI> with 0.60 mM of 2.8, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working
electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode. Internally

referenced to Fc/Fc*.

2.3 Summary

We describe the synthesis, characterization, and electrochemistry of a series of substituted
EOPcM series, where M = HLi, Hz, Vo, Cr, Fe, Co, Ni, Cu. It is demonstrated in the initial
ring synthesis that E°Pc ligand is capable of acting as a LsX-type ligand with single proton
occupying the Nmeso position (Figure 2.2). For all Pc complexes discussed, there is minor
change in the absorption properties of each as a function of the metal center. The
electrochemistry reveals that the species lacking non-labile axial substituents give low

current responses and redox events with a lower degree of reversibility in CH2Cl> and/or
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THF, whereas those with non-labile axial substituents show well-defined, quasi-reversible
features. It is postulated that the low current response and poorly defined features of the
pseudo-Dan species is caused by aggregation, and that the presence of a non-labile axial
substituent inhibits this aggregation in solution. Ultimately, this needs to be tested by
synthesizing a larger library of Pc species with axial substituents, both with and without
redox-active metal centers, and studying their electrochemistry. An additional method of
testing the aggregation hypothesis would be to performe variable temperature CV: If
aggregation is indeed the cause of the low current response and poorly reversible features,
increasing the temperature would reasonably be expected to reduce aggregation and cause
significant change to the electrochemical profile. These experiments are currently underway

in the Ménard Group.

2.4 Experimental

2.4.1 Considerations

Techniques and Reagents. All air-free manipulations were performed under an atmosphere
of dry, oxygen-free N within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco
equipped with a -40 °C freezer), or by standard Schlenk techniques. CsHi2, CsHs, Et20,
CHJCl, and THF (inhibitor-free) were dried and degassed on an MBraun Solvent
Purification System and stored over activated 4 A molecular sieves. All other solvents were
degassed by freeze-pump-thaw and stored on activated 4 A molecular sieves prior to use.
Celite® and 4 A molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 Torr)
for 24 h prior to use. Elemental analyses were recorded at the University of California,
Berkeley using a Perkin Elmer 2400 Series Il combustion analyzer. Metal salts were

purchased from Strem Chemicals, Li metal, 2,3-dicyanohydroquinone from Acros Organics,
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and ethyl iodide from Alfa Aesar and all were used without further purification. All other
reagents were obtained from Sigma-Aldrich, Fisher Scientific, or VWR and used without
further purification.

Spectroscopic Measurements. NMR spectra were obtained on an Agilent Technologies 400

MHz spectrometer, or a Varian 600 MHz spectrometer, and referenced to residual solvent.
Chemical shifts (o) are recorded in ppm and the coupling constants are in Hz. J-Young air-
tight adaptors were used for air- and water-sensitive compounds. Perpendicular-mode X-
band EPR spectra were collected on a Bruker EMX EPR Spectrometer equipped with an
Oxford ESR 900 liquid helium cryostat. All EPR samples contained ~ 1 mg of material and
data acquisition collected at 100K in frozen CH.Cl, or THF. It should be noted that a small
residual free radical signal is often observed in phthalocyanines, and has been attributed to
sample grinding-induced defects.** UV-Vis spectra were collected on a Shimadzu UV-
2401PC spectrophotometer. All measurements were performed on recrystallized product.
All stock solutions and dilutions were prepared by mass. °’Fe Mdssbauer spectroscopy was
performed using a SEE Co Model W304 resonant gamma-ray spectrometer (activity = 50
mCi +/- 10%), >’Co/Rh source (manufactured by Ritverc) equipped with a Janis Research
Model SVT-400 cryostat system. The source linewidth is <0.12 mm/s for the outermost lines
of a 25 micron alpha-Fe foil standard. Isomer shifts are referenced to alpha-Fe foil at room
temperature. All >’Fe Mossbauer samples were prepared using ~30 mg powdered material
and measured at 100 K unless otherwise noted. Data was fitted using a custom Igor Pro
(Wavemetrics) macro package developed by the Betley group at Harvard University.

X-ray Crystallography. Data was collected on a Bruker KAPPA APEX Il diffractometer

equipped with an APEX Il CCD detector using a TRIUMPH monochromator with a Mo Ka

X-ray source (o. = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
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oil, and all data were collected at 100 K using an Oxford nitrogen gas cryostream system. A
hemisphere of data was collected using o scans with 0.5° frame widths. Data collection and
cell parameter determination were conducted using the SMART program. Integration of the
data frames and final cell parameter refinement were performed using SAINT software.
Absorption correction of the data was carried out using SADABS. Structure determination
was done using direct or Patterson methods and difference Fourier techniques. All hydrogen
atom positions were idealized and rode on the atom of attachment. Structure solution,
refinement, graphics, and creation of publication materials were performed using SHELXTL
or OLEX?.

Electrochemical Measurements. CV was performed on a CH Instruments 630E

Electrochemical Analysis Potentiostat. Unless otherwise noted, the working electrode was a
1.5 mm radius glassy carbon (CH Instruments) and was cleaned prior to each experiment by
sequentially polishing with a gradient of 1.0 pm, 0.3 pm, and 0.05 um alumina (CH
Instruments) on a cloth pad, followed by rinsing with distilled water and acetone. The Pt
wire pseudo-reference and counter electrodes were rinsed with distilled water and acetone
and heated white-hot with a butane torch. All measurements were performed on

recrystallized product and referenced to the Fc/Fc* redox couple unless otherwise stated.

2.4.2 Syntheses

3,6-Diethoxyphthalonitrile. 3,6-Diethoxyphthalonitrile was synthesized using a modified
procedure previously reported by Rauchfuss®* and Ménard.?” A mixture of 5.20 g (32.5
mmol, 1 equiv) of 2,3-dicyanohydroquinone and 5.00 g (36 mmol, 1.1 equiv) of KoCOs in
125 mL of wet acetone was heated to reflux and sparged with Ar for 30 mins. Ethyl iodide

(13 mL, 162 mmol, 5 equiv) was then added dropwise to the mixture. The yellow slurry was
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stirred under reflux for 48 h. After cooling, the yellow solid was filtered off onto a glass frit,
and subsequently transferred to a glass mortar and pestle, where it was ground into a
powder. The powder was reintroduced to the glass frit, where it was washed successively
with ~500 mL H0, ~150 mL EtOH, and ~150 mL of Et2O. The product was collected and
dried under reduced pressure for 24 h, affording a white powder. Additional product could
be recovered from the effluent after the wash, and was similarly washed with H>O, EtOH,
and Et,0. Yield: 5.154 g (73.4%). 'H NMR (600 MHz, CD2Cly): & 7.21 (s, 2H, CeH2.), 4.16
(9, J = 7.0 Hz, 4H, OCH,CHs3), 1.48 (t, J = 3.0 Hz, 6H, OCH,CHj).

Lithium 1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.1). 2.1 was synthesized using a
procedure previously reported by Ménard.?” High purity product could be recrystallized
from CH,Cl»/Et20 by vapor diffusion. *H NMR (600 MHz, CD,Cl,): § 14.75 (s, 1H, NH),
7.57-7.52 (m, 8H, CeHy), 4.97-4.89 (m, 16H, OCH2CHs), 1.82-1.75 (m, 24H, OCH>CHb).
Amax(Qi-peak) = 723 nm; Amax(Qu-peak) = 783 nm. MS (MALDI-TOF) Anal. Calc.
CagHa9LiNgOs*: 872.38 (M+). Found: 873.40.
1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.2). 2.2 was synthesized using a
modified procedure reported by Rauchfuss® and Ménard.?” 2.1 (1.00 g, 0.98 mmol, 1 equiv)
was slurried in 50 mL of H2O in a flask. ~5 mL HCI (12.1 M, excess) was added dropwise
over the course of 5 mins, changing the green slurry to a purple solution. The progress of the
reaction was monitored by *H NMR every 24 h, with a small aliquot of solution removed
and neutralized with excess bicarbonate, before filtering over a plug Celite®/glass wool,
leaving a dark green pad that was washed with excess water and then extracted with CH2ClIo,
resulting in a forest green effluent that was reduced to dryness and subsequently dissolved in
CD2Cl> for analysis. >95% conversion as realized after 48 h (Figure 2.4). After >95%

conversion, the product was neutralized with NaHCO3 (20.000 g, 238 mmol, excess),
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collected by filtration, and washed with ~500 mL H.O, ~250 mL EtOH, and ~150 mL of
Et2O, resulting a dark green powder that was dried under reduced pressure. High purity
product could be recrystallized from CH:Cl/Et,O by vapor diffusion. Yield: 0.857 g
(86.0%). 'H NMR (600 MHz, CD2Cly): § 7.66 (s, 2H, CeH2), 4.92 (q, J = 7.0 Hz, 4H,
OCH,CHs), 1.81 (t, J = 7.0 Hz, 6H, OCH2CHs), 0.23 (s, 2H, NH). Amax(Q-peak) = 770 nm.
MS (MALDI-TOF) Anal. Calc. CssHsoNsOs*: 866.38 (M+). Found: 867.44.
1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.3). 2.3 was synthesized using a
modified procedure previously reported by Rauchfuss.3* Under open atmosphere, 0.200 g
(0.23 mmol, 1 equiv) of 2.1, 0.200 g of VOSO4*5H>0 (excess), and 0.200 g (excess) of
NaHCO3 were combined in a RB flask with 15 mL of DMF, and the resulting mixture was
heated to 145 °C for 4 h. After, 100 mL of H2O was added and the solution was stirred for
15 min, and subsequently filtered through a glass frit, leaving a dark green solid. The solid
was washed successively with ~150 mL of water, 50 mL EtOH, and 50 mL of Et,O and
subsequently collected and dried under reduced pressure. High purity product could be
recrystallized from CH2ClI./Et;0 by vapor diffusion. Yield: 0.090 g (42.15%). *H NMR (600
MHz, CD,Cl): 5 8.53 (bs), 5.03 (bs), 1.86 (bs). Amax(Q-peak) = 786 nm. MS (MALDI-TOF)
Anal. Calc. C4gHagVNgOgo*: 931.30 (M+). Found: 932.40.
1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.4).

A mixture of 0.50 g (0.58 mmol, 1.0 equiv) of 2.2, 0.80 g (0.63 mmol, 1.1 equiv) of CrCl,
and 0.242 g (11.5 mmol, 5 equiv) of NaHCOz was slurried in 30 mL DMF in a pressure
vessel and heated to 100 °C for 5 h, resulting in a blue solution. Under inert atmosphere, the
solution was filtered and extracted with THF. The filtrate was collected and dried under
vacuum at 100 °C. High purity product could be recrystallized from THF/2,2,4,4-

methylpentane by vapor diffusion at room temperature. Yield: 0.260 g (49.0%). 'H NMR
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(600 MHz, THF-dg): Silent. Amax(Q-peak) = 771 nm. MS (MALDI-TOF) Anal. Calc.
CasH4sCrNgOs*: 916.30 (M+). Found: 917.39.
1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.5). A mixture of 1.00 g (1.15 mmol, 1
eq.) of 2.2and0.24 g (1.2 eq) of Fe(OAc). was slurried in 15 mL Toluene under nitrogen
and heated to reflux for 1 day, resulting in a dark green solution. After cooling, all volatile
was removed under reduced pressure, yielding a dark green powder. The crude mixture was
washed with 25 mL of pentane and 25 mL of EtO2 over a glass frit. The resulting dark green
filtride was extracted with 50 ml CH2Cl and solution was reduced to ~10 mL under reduced
pressure, and then layered with pentane. Single crystals suitable for XRD studies were
obtained by vapor diffusion with EtO,over a saturated CH2Cl> solution at -35°C. Yield:
0.840 g (75.77%). *H NMR (600 MHz, CD2Cl2): § 9.90 (g, J = X.X Hz, 16H, OCH2CHb),
4.32 (t, J = X.X Hz, 24H, OCH,CHg), 3.44 (s, J = X.X Hz, 8H, CeH>). Anal. Calc. for
CagHagFeNgOs: C, 62.61; H, 5.25; N, 10.77. Found: C, 61.76; H, 4.98; N, 12.08. Amax(Q-
peak) = 765 nm. MS (MALDI-TOF) Anal. Calc. CsgHssNiNgOs™: 922.29 (M+). Found:
920.40.

1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.6). Under open atmosphere, 0.200 g
(0.23 mmol, 1 equiv) of 2.1, 0.200 g of CoCl>*6H20 (excess), and 0.200 g (excess) of
NaHCO3 were combined in a RB flask with 15 mL of DMF, and the resulting mixture was
heated to 145 °C for 4 h. After, 100 mL of H2O was added and the solution was stirred for
15 min, and subsequently filtered through a glass frit, leaving a dark green solid. The solid
was washed successively with ~150 mL of water, 10 mL EtOH, and 25 mL of Et.O and
subsequently collected and dried under reduced pressure. High purity product could be
recrystallized from CH2Cl./pentane by vapor diffusion, or by slow evaporation from EtOH.

Note: The dry recrystallized product has exceedingly low solubility in CH,Cl>, necessitating
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the use of THF-ds for acquisition of the 'H NMR spectrum. Yield: 0.204 g (96.38%). ‘H
NMR (600 MHz, THF-ds): & 10.92 (bs), 6 9.07 (bs), 8 7.35 (bs), & 6.54-6.44 (bm), & 3.90
(bs), 6 3.86 (bs), 6 3.65 (bs), 6 2.73 (bs). Amax(Q-peak) = 738 nm. MS (MALDI-TOF) Anal.
Calc. CagH4sCoNgOg*: 923.89 (M+). Found: 923.41.
1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.7). 2.7 was synthesized using a
modified procedure previously reported by Rauchfuss.3* Under open atmosphere, 0.208 g
(0.24 mmol, 1 equiv) of 2.1, 0.200 g of NiCl2*6H.O (excess), and 0.200 g (excess) of
NaHCO3 were combined in a RB flask with 15 mL of DMF, and the resulting mixture was
heated to 145 °C for 4 h. After, 100 mL of H20 was added and the solution was stirred for
15 min, and subsequently filtered through a glass frit, leaving a dark green solid. The solid
was washed successively with ~150 mL of water, 50 mL EtOH, and 50 mL of Et.O and
subsequently collected and dried under reduced pressure. High purity product could be
recrystallized from CH.Cl./Et.O by vapor diffusion. Yield: 0.230 g (>100% (excluding co-
crystallized CH2Cl); 88.24% (including co-crystallized CH2Cl,)). *H NMR (600 MHz,
CD:Cl2): & 7.56 (bs, 8H, Ce¢H2), 4.85 (bs, 16H, OCH.CHz3), 1.77 (bs, 24H, OCH2CHa).
Amax(Q-peak) = 742 nm. MS (MALDI-TOF) Anal. Calc. CagHasNiNgOg*: 922.29 (M+).
Found: 923.40.

1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (2.8).

2.8 was synthesized using a modified procedure previously reported by Rauchfuss.3* Under
inert atmosphere, 0.207 g (0.24 mmol, 1 equiv) of 2.1, 0.161 g of CuCl; (1.20 mmol, 5
equiv), and 0.107 g (1.27 mmol, 5.3 equiv) of NaHCOs were combined in a RB flask with
10 mL of DMF, and the resulting mixture was heated to 175 °C for 20 h.

After, 80 mL of H20 was added and the solution was stirred for 30 min, and subsequently

filtered through a glass frit, leaving a dark green solid. The solid was washed successively
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with 100 mL of water and 20 mL EtOH and subsequently collected and dried under reduced
pressure. High purity product could be recrystallized from CH2Clx/hexanes by vapor
diffusion, or by slow evaporation from EtOH. Yield: 0.091 g (41.4%). *H NMR (600 MHz,
CD2Cly): & 4.58 (bs, 2H), & 1.61 (bs, 3H). Amax(Q-peak) = 750 nm. MS (MALDI-TOF) Anal.

Calc. CsgH18CuNgOg*: 928.29 (M+). CagHagCuNgOsg*: 927.29 (M+). Found: 927.40 (M+).
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2.5 Crystallographic Tables

2.5.1 Selected Crystallographic Data

Table 2.1 — Selected crystallographic data for 2.1.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
o(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR»

GOF

CagHagLiNgOs
872.91
Monoclinic
P12l/cl
15.182(3)
20.962(4)
13.078(3)
90
92.720(13)
90
4157.4(15)
4
100(2)
1.3945
0.096
8500
0.0741
3734
593
0.2038
0.1746

0.9833
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Table 2.2 — Selected crystallographic data for 2.2.

Formula CagHs0NgOs
Formula wt. 866.98
Crystal system Monoclinic
Space group P12l/cl
a(A) 15.1518(16)
b(A) 20.927(2)
c(A) 13.0887(13)
o(deg) 90
p(deg) 92.599(7)
v(deg) 90
V(A3 4146.0(7)
Z 4
T (K) 100(2)
d(calc) g/cm? 1.3872
Abs coeff, p, mm? 0.096
Data collected 10713
Rint 0.0630
Data used 3113
Parameters 585
R (>20) 0.2488
WR> 0.1652
GOF 0.7685
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Table 2.3 — Selected crystallographic data for 2.3.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
o(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR>

GOF

Cs3HsoCl2VNgO1o
1090.95
Orthorhombic
P 2ac 2ab
17.122(3)
21.527(4)
27.625(5)
90
90
90
10182(3)
8
102.81
1.3339
0.365
10482
0.1330
8385
721
0.1640
0.3913

2.1451
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Table 2.4 — Selected crystallographic data for 2.4.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
a(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR>

GOF

C70Hos5.75CrNgO13
1309.29
Monoclinic
C2/c
32.759(2)
24.050(3)
22.8653(15)
90
134.27
90
12900.4(19)
8
120(2)
1.348
0.250
9675
0.0949
6131
617
0.1399
0.3086

1.075

60



Table 2.5 — Selected crystallographic data for 2.5.

Formula Cs4Hs4FeNgOg
Formula wt. 998.90
Crystal system Monoclinic
Space group C2lc
a(A) 21.508(3)
b(A) 24.769(4)
c(A) 9.0646(14)
o(deg) 90
p(deg) 110.690(9)
v(deg) 90
V(A 4517.5(12)
Z 4
T (K) 110(2)
d(calc) g/cm? 1.469
Abs coeff, p, mm? 0.404
Data collected 3649
Rint 0.0539
Data used 2546
Parameters 323
R (>20) 0.0887
WR> 0.1458
GOF 1.040
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Table 2.6 — Selected crystallographic data for 2.6.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
o(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR>

GOF

CsoH52ClsCoNgOg
1093.72
Monoclinic
P2l/c
15.072(8)
19.377(8)
16.392(5)
90
97.374(14)
90
4748(3)
4
120(2)
1.530
0.653
8250
0.0612
4578
648
0.1416
0.1386

0.968
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Table 2.7 — Selected crystallographic data for 2.7.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
o(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR>

GOF

CsoHs2Cl1sNiNgOg
1093.50
Monoclinic
P2l/c
15.0873(9)
19.2617(11)
16.4895(9)
90
97.573(3)
90
4750.2(5)
4
100(2)
1.529
0.699
10758
0.0414
7974
644
0.0673
0.1053

0.900
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Table 2.8 — Selected crystallographic data for 2.8.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
o(deg)
B(deg)
v(deg)
V(A3)

Z
T (K)
d(calc) g/cm?
Abs coeff, p, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR>

GOF

CsoH52ClsCuNgOg
1098.33
Monoclinic
P2l/c
15.080(4)
19.284(6)
16.581(5)
90
97.719(18)
90
4778(2)
4
126(2)
1.527
0.746
9801
0.0625
6072
653
0.1193
0.1821

0.927
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2.5.2 Bond Length Tables

Cog —C
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Figure 2.31. Atom denotations for °PcM (M =VO, Cr, Fe, Co, Ni, Cu), used to construct

the bond length metrics in Tables 2.9-2.16. Atomic labels do not correspond with CIF

atomic labels, but rather an arbitrarily designated orientation. Bond lengths were measured

from the CIF in Olex2. For unit cells containing multiple °PcM molecules, one was chosen

as a representative molecule.
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Table 2.9. Bond length metrics for 2.1.

Core Bond Lengths (CW from N1; A)

N1-C1 1.366(5)

C1-N2 1.342(5)

N2-C8 1.374(5)

C8-N3 1.327(5)

N3-C9 1.343(5)

C9-N4 1.357(5)

N4-C16 1.371(5)

C16-N5 1.328(5)

N5-C17 1.339(5)

C17-N6 1.369(5)

N6-C24 1.349(5)

C24-N7 1.357(5)

N7-C25 1.327(5)

C25-N8 1.379(5)

N8-C32 1.325(5)

C32-N1 1.357(5)

Periphery Bond Lengths (CW from C1; A)

Cl-C2 1.439(6) C17-C18 1.469(6)
C2-C3 1.408(6) C18-C19 1.404(6)
C2-C7 1.403(5) C18-C23 1.406(5)
C3-C4 1.383(6) C19-C20 1.397(6)
C4-C5 1.395(6) C20-C21 1.391(6)
C5-C6 1.394(6) C21-C22 1.380(6)
C6-C7 1.388(6) C22-C23 1.398(6)
C7-C8 1.474(6) C23-C24 1.459(6)
C9-C10 1.472(6) C25-C26 1.471(6)
C10-C11 1.396(6) C26-C27 1.404(6)
C10-C15 1.404(6) C26-C31 1.399(6)
Cl1-C12 1.390(6) C27-C28 1.395(6)
C12-C13 1.388(6) C28-C29 1.392(6)
Cl13-C14 1.378(6) C29-C30 1.390(6)
Cl14-C15 1.402(6) C30-C31 1.396(6)
C15-C16 1.481(6) C31-C32 1.442(6)
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Table 2.10. Bond length metrics for 2.2.

Core Bond Lengths (CW from N1; A)

N1-C1 1.323(5)

C1-N2 1.391(5)

N2-C8 1.374(5)

C8-N3 1.326(5)

N3-C9 1.338(4)

C9-N4 1.358(4)

N4-C16 1.363(4)

C16-N5 1.336(4)

N5-C17 1.319(5)

C17-N6 1.368(5)

N6-C24 1.377(5)

C24-N7 1.307(5

N7-C25 1.355(4)

C25-N8 1.348(4)

N8-C32 1.368(4)

C32-N1 1.29(4)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.451(5) C17-C18 1.454(5)
C2-C3 1.414(5) C18-C19 1.407(5)
C2-C7 1.410(5) C18-C23 1.415(5)
C3-C4 1.372(5) C19-C20 1.369(5)
C4-C5 1.393(6) C20-C21 1.398(6)
C5-C6 1.382(5) C21-C22 1.384(5)
C6-C7 1.399(5) C22-C23 1.405(5)
C7-C8 1.460(5) C23-C24 1.460(5)
C9-C10 1.470(5) C25-C26 1.461(5)
C10-C11 1.392(5) C26-C27 1.386(5)
C10-C15 1.404(5) C26-C31 1.400(5)
C11-C12 1.385(5) C27-C28 1.384(5)
C12-C13 1.391(5) C28-C29 1.385(5)
Cl13-C14 1.378(5) C29-C30 1.378(5)
C14-C15 1.410(5) C30-C31 1.407(5)
C15-C16 1.459(5) C31-C32 1.457(5)
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Table 2.11. Bond length metrics for 2.3.

Core Bond Lengths (CW from N1; A)

N1-C1 1.322(9)

C1-N2 1.382(9)

N2-C8 1.375(9)

C8-N3 1.334(9)

N3-C9 1.334(9)

C9-N4 1.379(8)

N4-C16 1.378(9)

C16-N5 1.323(9)

N5-C17 1.326(9)

C17-N6 1.369(9)

N6-C24 1.380(9)

C24-N7 1.328(9)

N7-C25 1.335(9)

C25-N8 1.368(9)

N8-C32 1.385(9)

C32-N1 1.323(9)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.447(9) C17-C18 1.463(9)
C2-C3 1.403(10) C18-C19 1.401(10)
C2-c7 1.407(10) C18-C23 1.398(10)
C3-C4 1.390(11) C19-C20 1.401(10)
C4-C5 1.402(11) C20-Cc21 1.385(11)
C5-C6 1.402(11) C21-C22 1.401(10)
C6-C7 1.402(10) C22-C23 1.403(10)
C7-C8 1.462(9) C23-C24 1.461(9)
C9-C10 1.466(10) C25-C26 1.457(9)
Clo-c11 1.403(10) C26-C27 1.400(10)
C10-C15 1.401(10) C26-C31 1.410(10)
Cl1-C12 1.388(11) C27-C28 1.390(10)
Cl12-C13 1.393(11) C28-C29 1.404(11)
Cl13-C14 1.395(10) C29-C30 1.396(10)
Cl14-C15 1.403(10) C30-C31 1.416(10)
C15-C16 1.451(9) C31-C32 1.446(9)
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Table 2.12. Bond length metrics for 2.4.

Core Bond Lengths (CW from N1; A)

N1-C1 1.324(8)
C1-N2 1.397
N2-C8 1.383(8)
C8-N3 1.328(9)
N3-C9 1.330(8)
C9-N4 1.370(8)
N4-C16 1.379(8)
C16-N5 1.345(8)
N5-C17 1.324(8)
C17-N6 1.397
N6-C24 1.383(8)
C24-N7 1.328(9)
N7-C25 1.330(8)
C25-N8 1.370(8)
N8-C32 1.379(8)
C32-N1 1.345(8)
Periphery Bond Lengths (CW from C1; A)
C1l-C2 1.439(9) C17-C18 1.439(9)
C2-C3 1.393(9) C18-C19 1.393(9)
C2-C7 1.414(10) C18-C23 1.414(10)
C3-C4 1.386(10) C19-C20 1.386(10)
C4-C5 1.371(11) C20-Cc21 1.371(11)
C5-C6 1.401(10) C21-C22 1.401(10)
C6-C7 1.407(9) C22-C23 1.407(9)
C7-C8 1.452 C23-C24 1.452
C9-C10 1.463(10) C25-C26 1.463(10)
Clo-c11 1.392(10) C26-C27 1.392(10)
C10-C15 1.421(9) C26-C31 1.421(9)
Cl1-C12 1.383(11) C27-C28 1.383(11)
Cl2-C13 1.423(12) C28-C29 1.423(12)
Cl13-C14 1.380(10) C29-C30 1.380(10)
Cl14-C15 1.411(10) C30-C31 1.411(10)
C15-C16 1.432(9) C31-C32 1.432(9)
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Table 2.13. Bond length metrics for 2.5.

Core Bond Lengths (CW from N1; A)

N1-C1 1.322(4)

C1-N2 1.366(5)

N2-C8 1.396(4)

C8-N3 1.319(4)

N3-C9 1.329(4)

C9-N4 1.387(4)

N4-C16 1.364(5)

C16-N5 1.329(4)

N5-C17 1.329(4)

C17-N6 1.364(5)

N6-C24 1.387(4)

C24-N7 1.329(4)

N7-C25 1.319(4)

C25-N8 1.396(4)

N8-C32 1.366(5)

C32-N1 1.322(4)

Periphery Bond Lengths (CW from C1; A)

Ci1-c2 1.454(5) C17-C18 1.435(5)
C2-C3 1.406(5) C18-C19 1.398(5)
C2-C7 1.395(5) C18-C23 1.377(5)
C3-C4 1.381(5) C19-C20 1.383(5)
C4-C5 1.373(5) C20-Cc21 1.382(5)
C5-C6 1.378(5) C21-C22 1.402(5)
C6-C7 1.396(5) C22-C23 1.398(5)
C7-C8 1.452(5) C23-C24 1.447(5)
C9-C10 1.447(5) C25-C26 1.452(5)
Clo-c11 1.398(5) C26-C27 1.396(5)
C10-C15 1.402(5) C26-C31 1.378(5)
Cl1-C12 1.382(5) C27-C28 1.373(5)
Cl12-C13 1.383(5) C28-C29 1.381(5)
C13-C14 1.377(5) C29-C30 1.395(5)
Cl14-C15 1.398(5) C30-C31 1.406(5)
C15-C16 1.435(5) C31-C32 1.454(5)
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Table 2.14. Bond length metrics for 2.6.

Core Bond Lengths (CW from N1; A)

N1-C1 1.320(6)

C1-N2 1.377(6)

N2-C8 1.383(6)

C8-N3 1.322(6)

N3-C9 1.327(6)

C9-N4 1.382(6)

N4-C16 1.383(6)

C16-N5 1.320(6)

N5-C17 1.307(6)

C17-N6 1.385(6)

N6-C24 1.377(6)

C24-N7 1.325(6)

N7-C25 1.322(6)

C25-N8 1.381(6)

N8-C32 1.379(6)

C32-N1 1.321(6)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.450(7) C17-C18 1.448(7)
C2-C3 1.404(7) C18-C19 1.405(7)
C2-C7 1.396(7) C18-C23 1.388(7)
C3-C4 1.389(7) C19-C20 1.374(7)
C4-C5 1.380(7) C20-Cc21 1.381(7)
C5-C6 1.403(7) C21-C22 1.392(7)
C6-C7 1.394(7) C22-C23 1.409(7)
C7-C8 1.472(7) C23-C24 1.457(7)
C9-C10 1.457(7) C25-C26 1.460(7)
Clo-c11 1.402(7) C26-C27 1.406(7)
C10-C15 1.407(7) C26-C31 1.399(7)
Cl1-C12 1.387(7) C27-C28 1.386(7)
Cl12-C13 1.389(7) C28-C29 1.392(7)
Cl13-C14 1.378(7) C29-C30 1.376(7)
Cl14-C15 1.413(7) C30-C31 1.408(7)
C15-C16 1.444(7) C31-C32 1.434(7)
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Table 2.15. Bond length metrics for 2.7.

Core Bond Lengths (CW from N1; A)

N1-C1 1.313(3)

C1-N2 1.376(3)

N2-C8 1.383(3)

C8-N3 1.321(3)

N3-C9 1.320(3)

C9-N4 1.385(3)

N4-C16 1.378(3)

C16-N5 1.313(3)

N5-C17 1.318(3)

C17-N6 1.374(3)

N6-C24 1.386(3)

C24-N7 1.323(3)

N7-C25 1.324(3)

C25-N8 1.383(3)

N8-C32 1.370(3)

C32-N1 1.319(3)

Periphery Bond Lengths (CW from C1; A)

Ci1-c2 1.453(3) C17-C18 1.450(3)
C2-C3 1.403(3) C18-C19 1.399(4)
C2-C7 1.399(3) C18-C23 1.396(3)
C3-C4 1.384(4) C19-C20 1.393(4)
C4-C5 1.391(4) C20-Cc21 1.392(4)
C5-C6 1.393(4) C21-C22 1.384(4)
C6-C7 1.410(3) C22-C23 1.410(3)
C7-C8 1.466(3) C23-C24 1.460(3)
C9-C10 1.464(3) C25-C26 1.464(3)
C10-C11 1.407(3) C26-C27 1.410(3)
C10-C15 1.397(3) C26-C31 1.395(3)
Cl1-C12 1.392(3) C27-C28 1.392(4)
C12-C13 1.394(4) C28-C29 1.393(4)
C13-C14 1.384(3) C29-C30 1.383(3)
C14-C15 1.408(3) C30-C31 1.404(3)
C15-C16 1.453(3) C31-C32 1.451(3)
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Table 2.16. Bond length metrics for 2.8.

Core Bond Lengths (CW from N1; A)

N1-C1 1.317(6)

C1-N2 1.377(6)

N2-C8 1.374(6)

C8-N3 1.322(6)

N3-C9 1.323(6)

C9-N4 1.385(6)

N4-C16 1.372(6)

C16-N5 1.323(6)

N5-C17 1.318(6)

C17-N6 1.375(6)

N6-C24 1.371(6)

C24-N7 1.330(6)

N7-C25 1.342(6)

C25-N8 1.374(5)

N8-C32 1.381(5)

C32-N1 1.322(6)

Periphery Bond Lengths (CW from C1; A)

Cil-C2 1.452(6) C17-C18 1.448(6)
C2-C3 1.401(7) C18-C19 1.406(7)
C2-C7 1.398(7) C18-C23 1.399(7)
C3-C4 1.383(7) C19-C20 1.376(7)
C4-C5 1.376(8) C20-C21 1.379(7)
C5-C6 1.393(7) C21-C22 1.412(7)
C6-C7 1.409(6) C22-C23 1.405(6)
C7-C8 1.463(6) C23-C24 1.472(6)
C9-C10 1.471(6) C25-C26 1.465(6)
C10-C11 1.412(6) C26-C27 1.399(6)
C10-C15 1.385(6) C26-C31 1.395(6)
Cl1-C12 1.390(7) C27-C28 1.402(7)
C12-C13 1.378(7) C28-C29 1.389(7)
C13-C14 1.385(7) C29-C30 1.374(7)
C14-C15 1.410(6) C30-C31 1.431(6)
C15-C16 1.455(6) C31-C32 1.447(6)
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Chapter 3

Switchable Aromaticity in an Isostructural Mn Phthalocyanine

Series Isolated in Five Separate Redox States
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3.1 Introduction

Hickel’s (4n + 2)x e rule is conventionally used to predict the aromatic character of cyclic,
planar, n-conjugated compounds. However, in extended aromatic systems this rule often
gives unsatisfactory predictions of in/stability and deviations from the tenets of Hiickel’s
rule, such as the requirement for planarity, become more common. In concert with this,
macrocyclic platforms often adopt localized internal = circuits within the extended =
manifold as exemplified by Vogel’s [18]annulene/18 = & model applied to porphyrins*® and
related phthalocyanines (Pc) (Figure 3.1a-b).® An alternative but less common model
involving the dianionic ([16]annulene)? substructure has also been proposed as the primary
aromatic circuit, particularly for metalloporphyrins (Figure 3.1c).> 7 While the annulene
model aids in understanding the complexity of aromaticity in large macrocyclic systems, it
is not a complete description, particularly regarding correlations between local and
macrocyclic ring currents, both demonstrated to be important considerations when
describing total aromaticity.? 810

The inherent interplay of resonance circuits and electronic properties has resulted in the
development of several structure/function relationships between aromaticity and electronic
behavior in large, conjugated systems.!! Notably, the correlation between aromaticity and
conductance has been well described by many and may have important implications for the
development of next generation organic electronic devices.!?%® In contrast, “switchable”
aromatic character may be used to design single-molecule transistors and other molecular-
scale electronic gates. A molecular macrocyclic platform spanning separate aromatic states —
and correlated structural perturbations — may guide the development of such materials and
their properties. While redox-switchable aromaticity in macrocyclic platforms, such as

porphyrinoids, has been studied,® with several isolated discreet anti-aromatic or non-
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aromatic species reported,'®-26 to the best of our knowledge, there are no known examples of
a single stable, isostructural complex — either porphyrin or Pc-based, or other — isolated in
multiple separate redox states, including radical states, and spanning the aromatic, non-
aromatic, and anti-aromatic triad. Previous work has created a backbone of information
regarding the electronic character of Pc complexes in various oxidation states, and extensive
effort has been focused on determining the loci of redox events and how they relate to the
aromaticity of a given system, producing a large body of useful knowledge for the field.'® 2%
27-31 However, while many Pc complexes have been studied in each of the states separately,
it can be difficult to make direct comparisons due to the many different substituents and
redox-active metal centers used across publications. It is therefore of interest to use an
isostructural Pc redox series with a redox-inactive metal core in order to ensure that all
comparisons are due primarily to the change in oxidation state while minimizing the effect

of ring substitution or choice of metal.
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Figure 3.1. a) Depiction of porphine (solid lines), the parent molecule to porphyrins, and the
related phthalocyanine (solid + dashed lines) coordinated to a generic metal (M). b) The
[18]annulene/18 & e circuit, in bold. ¢) The dianionic ([16][annulene])>/18 = e circuit in

bold.

Herein, we demonstrate what we credit as the first such clearly characterized example of a
macrocyclic Pc complex that can readily access aromatic (neutral), anti-aromatic (di-
reduced), and non-aromatic (di-oxidized) states, in addition to the singly oxidized or reduced
states. This was accomplished using the new Mn-nitride, (°*'Pc)MnN (3.2, OF'Pc =
1,4,8,11,15,18,22,25-0octaethoxy-Pc), by chemical oxidation or reduction. The redox

behavior and electronic structure were probed through a suite of structural, spectroscopic,
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electrochemical, and computational methods and revealed ligand-borne redox events with
the Pc ligand spanning from Pc(0) to Pc(4-) formal oxidation states. Additionally,
compelling evidence for the operative local and macrocyclic resonance circuits are provided.
We consider this complex a rare class of resonance circuit model compound due to the
capability of accessing all three principal states of aromatic behavior in a stable and isolable
manner, and apparent changing of resonance circuit pathways as a function of redox state.
This study may provide valuable information on the interplay of redox state and aromatic
character in Pc and related macrocycles, and may serve as an excellent platform in which to

study molecular material applications pertaining to tunable aromaticity.

3.2 Results and Discussion

3.2.1 Synthesis and Characterization.

The symmetrically substituted pro-ligand, °PcH,, was prepared by previously reported
methods.32  Metallation of EOPcH, with MnCl. under aerobic conditions in refluxing
dimethyl formamide (DMF) for 5 h yielded a dark red product (Amax = 825 nm) after
purification (Note: all Amax values reported correspond to the Q peaks) (Scheme 3.1, path
i).34 Single crystals suitable for XRD studies were grown by layering benzene over a
saturated fluorobenzene solution and confirmed the structure as the Mn(lll) species,
EOpcMNCI (3.1) (Figure 3.2). Bond metrics are similar to other Mn(111)CI macrocyclic
species, such as a similar porphyrin derivative.?® The high-spin, S = 2 state at Mn was
confirmed by solution magnetic moment determination using the Evans method,*® and

resulted in paramagnetically broadened resonances in the *H NMR spectrum.
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Figure 3.2. Solid-state molecular structure of 3.1. Hydrogen atoms, ethoxy carbon atoms,

and co-crystallized solvent are omitted for clarity.

Our interest in generating a terminal Mn-nitride stemmed from our previous work.3” The

nitride, B°PcMnN (3.2), was readily generated from 3.1 under oxidative conditions using

NaOCI and aqueous NHs in methanol (Scheme 3.1, path ii).37-3°
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Scheme 3.1. Synthesis of reported complexes following the general conditions: i) MnCly,
DMF, 100 °C, 5 h, Og; ii) NHsOH/NaOCl, MeOH, r.t., 15 mins; iii) [(4-
BrCsHa)sN][B(CeFs)s] (2 eq.), DCM, r.t., 5 mins; iv) [(4-BrCsHs)sN][B(CsFs)s] (1 eq.),
DCM, r.t., 5 mins; v) KCsg (1 eq.), kryp (1 eq.), THF, r.t.,, 10 mins; vi) KCsg (5 €q.), kryp (2

eq.), THF, r.t.,, 10 mins.

The dark green, diamagnetic complex (Amax = 767 nm) was isolated in high yield (~89%)
and was structurally characterized by XRD studies (Figure 3.3). While several Pc metal
nitrides have been reported, >4 including with Mn,*4 3.2 represents the first
crystallographically characterized terminal Pc-metal nitride complex, according to the
Cambridge Structural Database. The Mn=N in 3.2 is 1.555(9) A, similar to other Mn=N
bonds in comparable symmetry and oxidation state.3* 4647 A more detailed structural

analysis is provided in the following section. The low-spin, diamagnetic nature of 3.2 is
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further consistent with other triply bonded Mn(V) nitrides, as is the Mn=N stretching

frequency located at 1030 cm, identified by comparison with the isotopologue, 3.2-15N.37: 48
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Figure 3.3. Solid state molecular structure of 3.2. H atoms and co-crystallized solvent have

been omitted for clarity.

Phthalocyanines are well-known redox-active ligands capable of spanning multiple
oxidation states from Pc(0) to Pc(6-).3* In conjunction with a highly redox-active metal
center (Mn), we next proceeded to evaluate the redox behavior of 3.2. Electrochemical
analysis of 3.2 by cyclic voltammetry (CV) in dichloromethane (CH2Cl>) revealed a total of
4 reversible redox events (Figure 3.4): 2 separate oxidation events at E1» =0.02 V and E12 =
0.45 V, and 2 reduction events at Ey» = -1.38 V and Ei2 = -1.75 V referenced to the

ferrocene/ferrocenium (Fc/Fc*) redox couple.
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Figure 3.4. CV of 3.2 at varying scan rates (inset). Experimental conditions: Taken in

CHClI2 with 0.29 mM of 3.2, 0.1 M of [BusN][PFe], 3 mm diameter glassy carbon working

electrode, Pt wire counter electrode, and Pt wire pseudo-reference electrode.

Given the aromatic nature of 3.2, as well as the relative scarcity of crystallographically-
characterized PcM complexes in varying oxidation states,*® 20-21. 49-53 e next proceeded to
isolate each redox state to gain an understanding of the changing aromaticity and
concomitant structural changes. Certainly, similar work has been done with other systems.
Leznoff has published a non-isostructural CrPc series that was characterized across five
oxidation states.>® The comparison is interesting given the redox activity of the Cr center
coupled with the redox non-innocence of the Pc ring. However, there are two distinct

differences between the Leznoff work and the work presented here. First the CrPc series is

85



non-isostructural. Second, as will be described below, the Mn(V) does not appear to
participate in the reported redox events which is not true of the CrPc series. Here, the Mn(V)
core (perhaps surprisingly) appears to be electronically inert, with the nitride functioning as
a non-reactive “cap”, rather than a reactive motif, allowing the redox behavior of the Pc ring
to be studied in isolation.

The oxidized complexes were targeted using the tris(4-bromophenyl)ammoniumyl
tetrakis(pentafluorophenyl)borate “magic blue” oxidant, [(4-BrCeHa4)sN][B(CsFs)s] (E12 =
0.70 V vs. Fc/Fc*).37 545 To isolate the mono-oxidized product, a dark green diamagnetic
solution of 3.2 in CH2Cl, was treated to 1 equivalent of [(4-BrCsH4)sN][B(CsFs)4] resulting
in a dark red (Amax = 820 nm) solution with a paramagnetically-broadened *H NMR (Scheme
3.1, path iv). Single crystals suitable for XRD studies of the product were grown by layering
benzene over a saturated fluorobenzene solution. The solid-state structure confirmed the

composition of the new product as [F*°PcMnN][B(CsFs)4] (3.2*) (Figure 3.5).
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Figure 3.5. Solid-state molecular structure of 3.2*. Hydrogen atoms, ethoxy carbon atoms,

and co-crystallized solvent are omitted for clarity.

To probe the locus of oxidation in 3.2*, single crystals were dissolved in CH2Cl> and
analyzed by X-band EPR spectroscopy at 100 K. An intense isotropic signal centered at g =
1.995 indicative of an organic radical species is observed, consistent with a 1 e~ oxidation of
the ligand = system.

In contrast, treatment of 3.2 with 2 equivalents of [(4-BrCsH4)sN][B(CsFs)4] resulted in a

deep fuchsia (Amax = 832 nm) solution which, after workup, displayed an upfield shifted
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diamagnetic 'H NMR spectrum relative to 3.2 (vide infra) (Scheme 3.1, path iii). Single
crystals suitable for XRD studies were isolated by layering a concentrated solution of
product in fluorobenzene with benzene at room temperature. The identity of the product was
confirmed as the di-cation, [F®PcMnN][B(CeFs)s]2 (3.22*) (Figure 3.6). Structural

characteristics for both 3.2* and 3.22* are described in more detail in the following section.

Figure 3.6. Solid-state molecular structure of 3.22*. Hydrogen atoms, ethoxy carbon atoms,
and co-crystallized solvent are omitted for clarity. The unit cell consists of a half-fragment

of 3.22* and a full [B(CsFs)4] fragment. The former is grown for clarity.
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For the anionic states of 3.2, potassium graphite (KCg) was used as the reductant of choice.*®
Chemical reduction of 3.2 with 1 equivalent of KCg in the presence of the cryptand,
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane  (Kryptofix-222 = kryp),
resulted in a dark teal, *H NMR silent solution (Amax = 767 nm). Single crystals suitable for
XRD studies were grown from tetrahydrofuran (THF)/isooctane by vapor diffusion and the
solid-state structure confirmed the composition as the mono-anion, [K(kryp)][E*°PcMnN]

(3.2°) (Figure 3.7, Scheme 3.1, path v).

® 9
Figure 3.7. Solid-state molecular structure of 3.2-. Hydrogen atoms, ethoxy carbon atoms,

and co-crystallized solvent are omitted for clarity.
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Similar to 3.2*, the EPR spectrum of 3.2~ dissolved in THF revealed an intense, isotropic
signal centered at g = 1.996 consistent with a ligand-borne reduction event.

Similarly, treatment of 3.2 with excess KCg in the presence of Kryptofix-222 yielded a dark
blue, diamagnetic complex which, similar to 3.22*, displays an upfield shifted 'H NMR
spectrum relative to 3.2 (vide infra) (Amax = 767 nm). Single crystals suitable for XRD
studies were grown from benzene/isooctane by vapor diffusion and the solid-state structure
confirmed the composition as the di-anion, [K(kryp)]2[F*®PcMnN] (3.2%) (Figure 3.8,
Scheme 3.1, path vi). Structural characteristics for both 3.2- and 3.2% are described in more

detail in the following section.
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Figure 3.8. Solid-state molecular structure of 3.2%. Hydrogen atoms, ethoxy carbon atoms,

and co-crystallized solvent are omitted for clarity.

We note that 3.2% likely contains trace 3.2- in solution as observed by a resonance in the
EPR spectrum similar to 3.2-. This is a known issue with compounds containing the highly

reduced Pc(4-) ligand?* and likely accounts for a small amount of contamination in solution.
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3.2.2 Structural Properties.

While both metal and/or ligand-based redox events are possible in this system, a closer look
at the Mn=N bond lengths for 3.22*—3.22- (Figure 3.9) suggests little to no participation of
the Mn center in the observed redox processes, consistent with the EPR spectroscopic results

above.
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Figure 3.9. Solid-state structures of 3.22%, 3.2+, 3.2, 3.2-, and 3.2% illustrating Mn=N bond
lengths and core structural distortions. Hydrogen atoms, peripheral substituted benzene

groups, and co-crystallized solvent molecules are omitted for clarity.

Such participation would be expected to either render the Mn=N bond reactive®” " and/or
alter its bond length. In contrast, the observed bond lengths are all similar to other Mn(V)=N
bonds in comparable symmetry and oxidation states.®”: 3% 46-48 |t should be noted that while
M=N bond length is a useful metric for determining the oxidation state of the metal in
nitride complexes, it cannot reliably serve as a standalone measure for determining metal
oxidation state. The only notable change is with 3.22 where nitride coordination to a K*
(from [K(kryp)]*) occurs (Figure 3.8). However, this appears to have no impact on the
Mn=N bond length (Figure 3.9) or the resulting diamagnetism of the compound.°8

Perhaps the most striking differences between all structures are the pronounced Pc ring
distortions. While PcM complexes generally adopt planar geometries,6: 18 34 49, 59 axia|
metal bonding (ex. M-CI, M=0)?0. 49, 51-52,60 and/or heavy element bonding in the pocket®1-62
typically yields domed structures. In contrast, ortho group incorporation in the isoindole
rings®3-%% can result in saddling of the Pc ring with adjacent isoindole rings pointing in
opposite directions relative to the N4 plane (N4 = N2-N4-N6-N8, Figure 3.10a).%° The degree
of doming or saddling is reported with respect to the dihedral angles formed between the N4
and isoindole planes or between opposing isoindole planes (ex. I1 vs. I3, Figure 3.10a),

respectively,20-21, 63-66
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Figure 3.10. a) Depictions of the y, §, and isoindolic (l1-14) planes, as well as relevant atom
labels. b) Twist and tilt notation used in this report where clockwise twist and upward tilt are

given positive values.

While the Mn=N bond vector sits atop the N4 planes in our complexes (Figure 3.9) with
Mn—N4 distances ranging from 0.40-0.48 A (Table 3.1), none of the structures are domed.
Only 3.2%* is saddled and contains dihedral angles of 27.7° and 36.9° (average 32.3°) for the
l1-13 and l2-14 planes, respectively (Figure 3.10a), comparable to very saddled structures.®® In
contrast, 3.2%, 3.2, 3.2, and 3.2% are best described as adopting mixed non-planar
conformations.® As such, we find that a description of each structure’s distortions applying
the domed/saddled dihedral convention is insufficient as each isoindole ring can be twisted

and/or tilted relative to the N4 plane. Therefore, we define secondary y and & planes

95



Table 3.1. Tilt and twist dihedral angles for 3.22%, 3.2+, 3.2, 3.2", and 3.2%".2

Mn-+ twist(°) tilt(°) )
(% I1-6 -y I5-6 ey |avg| li-y 12-6 ls-y -6 |avg.| tvrillstt-
322 | 048 -1.8 -4.6 -1.8 -46 32 -18.4 131 -18.4 131 15.8 19.0
32° | 042 97 -46 -0.3 0.1 37 27 40 0.1 5.8 32 6.9
32b | 040 [32(11)|30(10)| -38 [04(02)]| 23 | 52@26) |14(19) |57@6) | -117 5.2 75
(0.41) (-5.6) (-8.7)
325 | 041 [-60(69)(-41(17)]-60(69)|-41017)| 47 21(- |-2609] -21 [-2609]| 47 9.4
(0.45) 13.1) (-13.1)
3.2z | 0.45 11.8 -5.0 8.2 -11.2 9.0 -11.4 -5.0 11.3 -10.8 9.6 18.6

a calculated from the normal of an isoindole plane (li) relative to the y or & plane where a
clockwise twist or an upward tilt are given as positive (Figure 3.10b).
b values in parentheses are from a second molecule in the asymmetric unit of the solid-state

structure. Averages are taken of all values.

encompassing the Mn-N1-N4-N8 and Mn-N1-N2-N6 planes, respectively. The twist/tilt
angles are then calculated from the normal of an isoindole plane (l;) relative to a given y or §
plane (Table 3.1) with a clockwise twist or an upward tilt given as positive (Figure 3.10b).
Using this approach provides a more detailed look at Pc ring distortions, while also
capturing traditional saddled dihedral angles, such as for 3.22*, by instead summing the I1-13
and I>-l4 tilt angles (Table 3.1). As an overall metric of distortion, we have summed the
average twist and tilt values and have found a clear trend in structural distortions wherein
both 3.22* and 3.2% are heavily distorted — 19.0° and 18.6°, respectively — relative to 3.2*
(6.9°), 3.2 (7.5°), and 3.2- (9.4°) (Table 3.1).

A closer look at the bond lengths within the ©OPc structures may provide insight as to the
nature of the distortions. While the Pc(2-) ligand is overall aromatic, this aromaticity is often
ascribed to localized internal neutral [18]annulene or dianionic ([16]annulene)* 18 & €

circuits encircling the central pocket, as described above (Figure 3.1b-c).5 7 18 20-21
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Assuming average C-N single and double bond lengths of 1.47 A and 1.27 Af’
respectively, a closer look at the bond lengths in 3.2 suggests a [16]annulene circuit is at
play (Figures 3.1c, Table 3.7). Specifically, the average C-N bond length of the
[16]annulene (CgNs) circuit between pyrrolic nitrogen (Npyr) and Cq, as well as between
meso nitrogen (Nmeso) and C, (Figure 3.10a) is 1.351 A (range: 1.307-1.408 A). In contrast,
the average C,—Cp bond length is 1.459 A (range: 1.436-1.473 A), suggesting a
disconnection between the central CsNg, 18 = e circuit from each of the outer 6 & phenyl
aromatic systems (Figure 3.3). Furthermore, the CgNs ring is nearly perfectly planar with an
average atom-to-plane displacement of only 0.032 A (range: 0.002-0.095 A). Together, this
is consistent with a ([16]annulene)?, 18 = e model in 3.2 (Figure 3.1c).> 7

Similar to 3.2, the average C,—Cg bonds in 3.22* are elongated (Table 3.9, average: 1.444
A; range: 1.434-1.454 A) relative to the C—N bonds of the CgNs core (average: 1.344 A;
range: 1.294-1.380 A). This again suggests disconnected 6 © phenyl aromatic fragments
tethered to a 16 = non-aromatic CgNg core (vide infra). In contrast to 3.2, the change to a
non-aromatic system in 3.22* is evidenced by the significant distortions from planarity
observed in the CgNg core where the average atom-to-plane displacement is now 0.145 A
(range: 0.006-0.296 A). Such reported 16 © non-aromatic porphyrinoid cores show similar
degrees of distortions from planarity.??
A similarly distorted CgNg core is observed in 3.2 where the average atom-to-plane
displacement is slightly higher than 3.22+ at 0.159 A (range: 0.007-0.322 A). However, in
contrast to 3.2 and 3.22*, the Nmeso-Co bonds (Figure 3.10a) display a distinct short/long
pattern with mean short and long bonds of 1.298 A (range: 1.295-1.301 A) and 1.374 A
(range: 1.370-1.377 A), respectively (Table 3.11). Furthermore, this short/long pattern

propagates along a single axis containing two trans-disposed isoindole units, connected to
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the CgNs core by shortened C,—Cp bonds (mean: 1.412 A; range: 1.397-1.426 A) relative to
the perpendicular C.—Cp set (mean: 1.467 A; range: 1.460-1.474 A), the latter being similar
to those in 3.2 and 3.22*. Together, this data suggests a 20 = €°, dianionic ([18]annulene)?*
anti-aromatic framework (Figure 3.1b). The bond length patterns are also similar to
previously observed anti-aromatic Pc(4-) systems,18 20-21

In contrast to the redox extrema in 3.22* and 3.2, 3.2+ and 3.2- show minimal net distortions
relative to 3.2 (Table 3.1), consistent with a delocalized radical state. The average C.—Cp
bond length for 3.2* and 3.2 do not vary significantly from the values of 3.2 (Table 3.9,
Table 3.10). Additionally, the M=N bond length in both 3.2* (1.526(5) A) and 3.2 (1.497(8)
A) relative to 3.2 (1.555(9) A) seem to suggest little electronic participation of the metal or
apical nitrogen towards these events, corroborating the solution-state spectra that suggest a
highly delocalized radical residing on the ring, a common state for mono-oxidized and

mono-reduced macrocyclic systems,16: 35 50-52

3.2.3 Spectroscopic Properties.

NMR spectroscopy is one of the most direct experimental methods for distinguishing
diatropic from paratropic ring currents commonly associated with classic Hlickel aromatic
(4n + 2)n and anti-aromatic (4n)r systems, respectively.r %70 Diatropic = electron ring
currents result in typical downfield shifted outer ring protons (ex. benzene), whereas an
opposite paratropic current emerges in anti-aromatic systems resulting in an opposite upfield
shift of outer ring protons.t’-1% "2 The IH NMR resonances of 3.2 appear at 7.63 (CH),
4.97 (CH2), and 1.85 (CHas) ppm in CD.Cl. (Figure 3.11a). The corresponding resonances
for 3.2%* in the same solvent are only slightly upfield shifted (7.51, 4.60, and 1.60 ppm) and

not indicative of any major paratropic ring current supporting a localized inner, non-
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aromatic [16]annulene ring (Figure 3.11b). The *H NMR resonances of 3.22* and 3.22 both
exhibit C4 symmetry in solution, likely a result of rapid interchange of orthogonal tautomers
consistent with other similar annulene structures.” In contrast, the resonances of 3.2% are
significantly upfield shifted (4.53, 2.53, 0.64 ppm) and indicative of a strong, inner
paratropic current. In addition, the resonances attributed to the Kryptofix-222 protons are
broadened and significantly downfield shifted at (6.30, 5.79, 4.29 ppm) relative to published
values (Figure 3.11c).”#76 This may be the result of equilibrium coordination to the terminal
nitride forcing the [K(kryp)]* cations to reside above the plane of the paratropic current, as
observed in the solid state structure (Figure 3.8), and resulting in a downfield shift similar to
previous reports.t”-1® We note that the spectrum of 3.22 was collected in CsDs for stability
reasons, and then directly compared to 3.2, also collected in CeDs, and reveals that the shift

is not merely from solvent effects.
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Figure 3.11. *H NMR spectra of a) 3.2 in CD2Cly; b) 3.22* in CD2Cly; c) 3.2% in Cg¢Ds,

illustrating the shift in phenyl (Hi), methylene (H2), and methyl (Hs) resonances as a
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function of oxidation state and associated aromatic character. Kryptofix-222 (kryp)

resonances are also shown in c). Other peaks in a-c correspond to residual solvents.

The UV-Vis spectra of all five isolated redox states in the series were measured. The Q-band
for 3.2 occurs at 767 nm and becomes progressively red-shifted and broadened upon
oxidation (3.2*: 820 nm, 3.22* 832 nm). These results do not follow predictive models
proposed by Gouterman and Lever for the correlation between oxidation state and Q-band
position in metallophthalocyanines.”” However, the apparent switching from an aromatic
core (3.2) to non-aromatic (3.2%2*), and the high degree of structural distortion adds
complexity that is not necessarily represented in the above predictive models. It should be
noted that the UV-Vis spectrum of 3.22* still displays strikingly low energy transitions for
our non-aromatic assignment, differing from analogous 16 m e porphyrin-based systems.
However, non-aromatic Pc-derivatives have been demonstrated to display such UV-Vis
spectra, and may be the result of intra-macrocycle charge transfer transitions.”® Due to the
surprisingly small shift in the observed Q-band, we also performed time-dependent UV-Vis
experiments to verify that 3.22* did not decompose within the timescale of data collection,

and verified that it is stable (Figure 3.12).
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Figure 3.12. Time-dependent UV-Vis spectrum of 3.22* taken in CH2Cl (5.6 uM).

In contrast to the oxidation series, the reduction products are quite air- and moisture-
sensitive. This coupled with the necessarily low concentration for collection led to increased
difficulty in data collection. Indeed, time-dependent UV-Vis spectral acquisition of putative
3.2% indicates decomposition (Figure 3.13), with two initial weak blue-shifted absorption
peaks, at 577nm and 624nm, in the expected regime for Pc(4-) complexes decomposing into
two new red-shifted bands, at 673nm and 752nm, similar to the peaks of 3.2.79-8 Lastly,
attempted acquisition of the spectrum for 3.2- reveal two bands similar to 3.2, again
indicating likely decomposition. Given the above considerations, the UV-Vis of the

reductive products remain unassigned.
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Figure 3.13. Time-dependent UV-Vis spectrum of 3.2% taken in THF (4.0 uM).

3.2.4 Computational Results.

To correlate our NMR data, we performed Nucleus-Independent Chemical Shift (NICS)
calculations on 3.2, 3.22*, and 3.2% (Figure 3.14 a-c). Developed by Schleyer,8 this
technique has been highly effective in distinguishing diatropic (aromatic) from paratropic
(anti-aromatic) ring currents in macrocyclic compounds, such as porphyrinoids and Pc.? ° 17-
18,25, 68, 83 The NICS calculations were performed at a point in space 1 A above the plane of
each sub-ring following the normal (see Figure 6a blue dots which indicate the centers of
each sub-ring). For 3.2, negative NICS values are observed throughout the entire ring
system (Figure 3.14a), consistent with diatropic (aromatic) current. In contrast, a substantial
reduction in diatropic current is observed in 3.22*, particularly in the central [16]annulene

core and adjacent pyrrole sub-rings, indicating a significant decrease in aromaticity (Figure
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3.14b). The outer phenyl fragments, however, are significantly less affected by this loss in
diatropic current, supporting a localized aromaticity switch from aromatic (3.2) to non-
aromatic (3.22*) at the [16]annulene core. These NICS data are also consistent with the
observed modest upfield shift of the H NMR resonances for 3.22* relative to 3.2 (Figure
3.11a-b). Together, we propose that the switch from aromatic (3.2) to non-aromatic (3.22*)
systems is likely the root cause of the significant structural distortions observed in 3.22
relative to 3.2 (Figure 3.9, Table 3.1), with the former adopting a central [16]annulene 16 «
e core. Indeed, structural parameters, such as atom-to-plane displacement patterns (vide
supra, Figure 3.9), largely mimic those reported for the solid state structure of authentic
[16]annulene.*

More drastic changes are observed in the high positive NICS values of 22 relative to 3.2,
consistent with a strong paratropic ring current extending along a dianionic ([18]annulene)*
20 = e antiaromatic core (Figure 6¢). These NICS data are consistent with the large upfield
shifts observed for peripheral Pc protons, and downfield shifts observed for Kryptofix-222
protons sitting atop the paratropic ring current (vide supra, Figure 3.14c). This paratropic
circuit, spanning a single [18]annulene axis, is also supported by the structural data
indicating short vs. long C,—Cp bond lengths in orthogonal isoindole units (vide supra and
Figure 3.14c). As in 3.22*, we believe that the aromaticity switch between 3.2 (aromatic) and
3.2% (antiaromatic) is mostly responsible for the significant structural distortions observed
(vide supra, Figure 3.9, Table 3.1), similar to those observed from planar [18]annulene®® to
the distorted ([18]annulene)? dianion.8®

DFT studies at the M06-2X level of theory with the 6-31+G** basis set were also performed
on the entire isostructural series 3.22*, 3.2%, 3.2, 3.2, and 3.2%, utilizing the XRD

coordinates as starting geometries (see Experimental Considerations for full computational

103



details). The highest occupied molecular orbitals (HOMOs) for 3.2, 3.22*, and 3.2% are

shown in Figures 3.14d, 3.14e, and 3.14f, respectively.
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Figure 3.14. (a-c) Proposed aromatic (blue), non-aromatic (gray), and anti-aromatic (purple)
circuits, as well as elongated single bonds (red) for 3.2 (a), 3.22* (b), 3.2% (c). Circles
represent NICS values, with the area of each circle directly proportional to the NICS value
(blue=negative, purple=positive), at 1 A above the respective sub-ring geometric center and
normalized against the highest absolute value (see Experimental Considerations for full

computational details). (d-f) Corresponding HOMOs for 3.2 (d), 3.22* (e), 3.22 (f).

For 3.2 and 3.2%*, a central orbital density contribution encompassing the proposed
[16]annulene core, encircled by a circular node, is observed and is flanked by orbital
densities on the outer benzene fragments (Figures 3.14a-b,d-e). Interestingly, the HOMO of
3.2% also reflects the structural data and model proposed for the anti-aromatic [18]annulene

model (Figures 3.14c,f). The orbital density shown also corresponds to the short bonds
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described above. Together, the frontier orbitals of all complexes are consistent with
exclusively ligand-borne redox events with little to no contribution from the Mn center
(Figure 3.14). The only exception is in 3.22 where the HOMO displays a small fraction of
orbital density at the nitride, consistent with its coordination to [K(kryp)]* (Figures 3.14f,

3.8).

3.3 Summary

In conclusion, we have outlined the synthesis and characterization of a novel manganese
nitride phthalocyanine (3.2), which is the first clearly characterized example of a large
macrocyclic system that can access the triad of aromatic, non-aromatic, and antiaromatic
states through a series of reversible redox events. Combined structural, spectroscopic, and
computational studies reveal that all redox events are ligand-borne centering on specific
annulene-like internal circuits. Altering the degree of aromaticity and pathway of these
circuits is proposed to be the root cause of the observed structural distortions. Perhaps
surprisingly, the frontier orbitals are demonstrated to have minimal contribution from the
Mn(V) center or the apical nitrogen, with the Mn=N motif functioning more as an inert
“cap” than an electronic participant. The synthetic accessibility, stability, isolable nature,
and scope of aromatic behavior make this complex an attractive platform for studying
switchable aromaticity in broader contexts, such as in organic electronic devices. Our
current interests are in studying these stable complexes as charge carriers for energy storage

applications.

3.4 Experimental

3.4.1 Considerations
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Techniques and Reagents. All manipulations were performed under an atmosphere of dry,

oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped with
a -40 °C freezer), or by standard Schlenk techniques. Pentane, Et.O, CH.Cl, and THF
(inhibitor-free) were dried and degassed on an MBraun Solvent Purification System and
stored over activated 4 A molecular sieves. All other solvents were degassed by freeze-
pump-thaw and stored on activated 4 A molecular sieves prior to use. Celite® and 4 A
molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 Torr) for 24 h prior to
use. Elemental analyses were recorded at the University of California, Berkeley using a
Perkin Elmer 2400 Series Il combustion analyzer. MnCl, and NH4OH were purchased from
Fisher Scientific, Li metal, 2,3-dicyanohydroquinone from Acros Organics, and ethyl iodide
from Alfa Aesar and all were used without further purification. [(4-BrCsHa)sN][B(CsFs)4]*’
and KCg* were prepared following previous reports. All other reagents were obtained from

Sigma-Aldrich, Fisher Scientific, or VWR and used without further purification.

Spectroscopic Measurements. NMR spectra were obtained on an Agilent Technologies 400
MHz spectrometer, or a Varian 600 MHz spectrometer, and referenced to residual solvent.
Chemical shifts (8) are recorded in ppm and the coupling constants are in Hz. J-Young air-
tight adaptors were used for air- and water-sensitive compounds. Perpendicular-mode X-
band EPR spectra were collected on a Bruker EMX EPR Spectrometer equipped with an
Oxford ESR 900 liquid helium cryostat. All EPR samples contained ~ 1 mg of material and
data acquisition collected at 100K in frozen CH2Cl, or THF for 3.2* or 3.2-, respectively. It
should be noted that a small residual free radical signal is often observed in phthalocyanines,
and has been attributed to sample grinding-induced defects.®” UV-Vis spectra were collected
on a Shimadzu UV-2401PC spectrophotometer. All measurements were performed on

recrystallized product. All stock solutions and dilutions were prepared by mass. ATR FT-IR
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spectra were collected on a Bruker Alpha Platinum with an ATR Quicksnap® Sampling
Module. All measurements were performed on recrystallized product.

Magnetic Measurements. Solution magnetic moment measurements were performed by the

Evans method®® utilizing fluorobenzene residual solvent in combination with **F NMR
spectroscopy. All moments were measured in triplicate with averages reported.

X-ray Crystallography. Data was collected on a Bruker KAPPA APEX Il diffractometer

equipped with an APEX Il CCD detector using a TRIUMPH monochromator with a Mo Ka
X-ray source (0. = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
oil, and all data were collected at 100 K using an Oxford nitrogen gas cryostream system. A
hemisphere of data was collected using ® scans with 0.5° frame widths. Data collection and
cell parameter determination were conducted using the SMART program. Integration of the
data frames and final cell parameter refinement were performed using SAINT software.
Absorption correction of the data was carried out using SADABS. Structure determination
was done using direct or Patterson methods and difference Fourier techniques. All hydrogen
atom positions were idealized and rode on the atom of attachment. Structure solution,
refinement, graphics, and creation of publication materials were performed using SHELXTL
or OLEX?. Data collection for 3.22* was performed at The Center for Advanced Radiation
Sources (CARS) utilizing the Advanced Photon Source (APS), a high-brilliance synchrotron
X-ray source at Argonne National Lab.

Electrochemical Measurements. CV was performed on a CH Instruments 630E

Electrochemical Analysis Potentiostat. The working electrode was a 1.5 mm radius glassy
carbon (CH Instruments) and was cleaned prior to each experiment by sequentially polishing
with a gradient of 1.0 um, 0.3 um, and 0.05 um alumina (CH Instruments) on a cloth pad,

followed by rinsing with distilled water and acetone. The Pt wire pseudo-reference and
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counter electrodes were rinsed with distilled water and acetone and heated white-hot with a
butane torch. All measurements were performed on recrystallized product and referenced to
the Fc/Fc* redox couple unless otherwise stated.

DFT computations. Quantum calculations were carried out using the Gaussian-09 suite of

programs.®® The 6-31+G** basis set was used in conjunction with the M06-2X DFT
functional .8 Geometries were obtained using the X-ray coordinates and optimizing the
positions of all H atoms. NICS data was calculated 1 A above the geometric center of each

sub-ring, using X-ray coordinates.

3.4.2 Syntheses

3,6-Diethoxyphthalonitrile. 3,6-Diethoxyphthalonitrile was synthesized using a modified
procedure previously reported by Rauchfuss.®® A mixture of 10.00 g (0.062 mol, 1 eq.) of
2,3-dicyanohydroquinone and 17.26 g (0.124 mol, 2 eq.) of K2COs3 in 125 mL of wet
acetone was heated to reflux and sparged with N2 for 10 mins. Ethyl iodide (29.02 g, 0.186
mol, 3 eq.) was then added dropwise to the mixture. The yellow slurry was stirred under
reflux for 24 h. After cooling, the yellow solid was filtered off and washed with 500 mL of
water, 150 mL of EtO, collected, and then dried under vacuum to afford an off-white
powder. Yield: 6.78 g (50.2%). 'H NMR (400 MHz, CDCls): 6 7.14 (s, 2H, CeHz2.), 4.13 (q,
J=7.0 Hz, 4H, OCH,CHs), 1.47 (t, J = 7.0 Hz, 6H, OCH,CHs).

Lithium 1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (E®°PcHLi). This precursor was
synthesized using a modified procedure previously reported by Rauchfuss.®® A mixture of
6.00 g (0.028 mol, 1 eq.) of 3-6-diethoxyphthalonitrile in 75 mL of wet EtOH was heated to
reflux and sparged with N2 for 10 mins. Li pellets (2.43 g, 0.347 mol, 12.5 eq.) were added

over the course of 10 mins, resulting in a large quantity of white gas evolving as the mixture
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turned dark green. After addition of the Li pellets, another 75 mL of wet EtOH was added.
The mixture was refluxed for 5 days. After cooling, 100 mL of EtOH and 100 mL of H2O
was added and the green solid was filtered off and washed with 100 mL of H»0, 100 mL of
EtOH, and 100 mL of Et2O. The resulting green powder was dried under dynamic vacuum
for 24 h. Yield: 4.64 g (76.6%). 'H NMR (400 MHz, CDCl5): § 14.74 (s, 1H, NH), 7.52-7.42
(m, 8H, CeHy), 4.95 (m, 16H, OCH2CHs), 1.82 (m, 24H, OCH,CHs). "Li NMR (CDCl5):
Silent.

1,4,8,11,15,18,22,25-Octaethoxyphthalocyanine (E©°PcH,). B®PcHLi (4.00 g, 4.56 mmol, 1
eq.) was slurried in 100 mL of H2O in a flask and heated to 60 °C. HCI (12.1 M, 4 mL, 10
eq.) was added dropwise over the course of 15 mins, changing the green slurry to a purple
solution. After 72 h of stirring, 19 g (0.1368 mol, 30 eq.) of K2CO3 was carefully added over
the course of 15 mins, returning the purple solution to a green slurry. The slurry was filtered,
and washed with 100 mL of H2O, and 100 mL of Et;O. The resulting green powder was
dried under vacuum. Yield: 2.81 g (71 %). *H NMR (400 MHz, CDCls): & 7.61 (s, 8H,
CsH2), 4.95 (g, J = 7.0 Hz, 16H, OCH2CHg), 1.84 (t, J = 7.0 Hz, 24H, OCH2CHs), 0.21 (s,
2H, NH).

EOPcMNCI (3.1). A mixture of 2.00 g (2.3 mmol, 1 eq.) of E©OPcH,, 2.00 g (excess) of
MnClz, and 0.969 g (11.5 mmol, 5 eqg.) of NaHCOs3 was slurried in 20 mL DMF in open air
and heated to 100 °C for 5 h, resulting in a red/purple solution. After cooling, 150 mL of
water was added, and the solution was stirred for 30 mins. The mixture was filtered, and
washed with 100 mL of water, followed by 100 mL of Et2O. The resulting red powder was
dried under vacuum. Single crystals suitable for XRD studies were obtained by layering
benzene over a saturated fluorobenzene solution of 3.1 at room temperature. Yield: 1.35 g

(61.4%). *H NMR (400 MHz, CD2Cl,): & 6.69 (bs), 1.74 (bs), -5.82 (bs). Anal. Calc. for
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CagH4sCIMnNgOg*CHCl2: C, 56.58; H, 4.84; N, 10.77. Found: C, 55.66; H, 4.47; N, 11.73.
Lett (Evans method): 4.64 ug (S = 2). Amax(Q-peak) = 825 nm.

EOPcMNN (3.2). Compound 3.1 (1.05 g, 1.05 mmol, 1 eq.) was added to 100 mL of MeOH,
resulting in a purple/red solution. Concentrated NH4OH (1.05 mL, 14.7 mmol, 15 eq.) was
added dropwise over the course of 5 mins followed by 9.5 mL (~6 eq.) Clorox® bleach over
the course of 15 mins, resulting in the production of a white gas and a green solution. The
solution was stirred for an additional 5 mins and then placed into an ice bath for 10 mins.
While cooling, 75 mL of CH2Cl; was slowly added, followed by 50 mL of H.0, and
subsequently transferred to a separatory funnel. The organic layer was washed 3 times with
50 mL of H20 and then reduced to dryness under vacuum at 60 °C, yielding a dark green
powder which was then dissolved in CH2Cl, and recrystallized by layering with Et20,
yielding dark green plate-like crystals. Yield: 0.908 g (88.5 %). 'H NMR (400 MHz,
CD:Cl): & 7.63 (s, 8H, CeHy), 4.97 (m, 16H, OCH,CHs), 1.85 (t, J = 7.0 Hz, 24H,
OCH2CHs). BBC{*H} NMR: § 150.9, 148.3, 127.2, 117.6, 67.0, 15.44. Anal. Calc. for
CagHasMnNoOg: C, 61.73; H, 5.18; N, 13.50. Found: C, 61.59; H, 5.00; N, 13.45. Amax(Q-
peak) = 767 nm.

[E©OPcMnNN][B(CsFs)4] (3.2%). In a glovebox, 0.020 g (0.0214 mmol) of 3.2 was dissolved in
~7.5 mL of CH2Cl,. [(4-BrCeH4)sN][B(CsFs)4] (24.9 mg, 0.0214 mmol, 1 eq.) was dissolved
in ~2.5 mL of CH.Cl,, which was added dropwise to the green CH2ClI> solution of 3.2 under
stirring, turning the solution wine red. The solution was stirred for 5 mins, then reduced to
dryness under reduced pressure. Benzene (15 mL) was added, and the solution was stirred
for an additional 10 mins. The slurry was filtered through a glass wool Celite® plug
resulting in a light green/yellow effluent and dark powder on the plug. The powder was

extracted with CHCly, resulting in a wine-red solution. The solution was pumped to
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dryness, resulting in a dark red powder that was stored at -40 °C. Recrystallizations were
performed by layering in fluorobenzene with benzene at room temperature, resulting in
small trapezoidal red crystals. Yield: 0.031 g (90.9%). 'H NMR (400 MHz, CD-Cl.): Silent.
UB{'H} NMR: § -14.7 (s). ’F{*H} NMR: & 131.2 (bs), 161.8 (1), 165.6 (bs). Anal. Calc. for
C72H4sBF20MnNgQs: C, 53.62; H, 3.00; N, 7.82. Found: C, 53.46; H, 2.67; N, 7.38. Amax(Q-
peak) = 820 nm.

[E©PcMnNN][B(CsFs)s]2 (3.22*). In a glovebox, 0.020 g (0.0214 mmol) of 3.2 was dissolved
in ~7.5 mL of CH2Clz. [(4-BrCeHa)sN][B(CsFs)a] (49.7 mg, 0.0428 mmol, 2 eq.) was
dissolved in ~2.5 mL of CH2Cl, which was added dropwise to the green CH2Cl> solution of
3.2 under stirring, turning the solution deep fuchsia. The solution was stirred for 5 mins,
then reduced to dryness under reduced pressure. Benzene (15 mL) was added, and the
solution was stirred for an additional 10 mins. The slurry was filtered through a glass wool
Celite® plug resulting in a light blue effluent and dark powder on the plug. The powder was
extracted with CH2Cly, resulting in a deep fuchsia solution. The solution was pumped to
dryness, resulting in dark purple microcrystals that were stored at -40 °C. Recrystallizations
were performed by layering in fluorobenzene with benzene at room temperature, resulting in
rectangular purple crystals. Yield: 0.031 g (64.0%). *H NMR (400 MHz, CD2Cly): § 7.51 (s,
8H, CeéH2), 4.60 (q, J = 7.0 Hz, 16H, OCH.CHs), 1.60 (t, J = 7.0 Hz, 24H, OCH2CHs).
BBC{*H} NMR (low signal/noise): & 149.7, 147.2, 137.8, 135.5, 130.4, 128.7, 115.5, 67.3,
15.1. UB{*H} NMR: § -16.7 (). *°F{*H} NMR: & 133.2 (bs), 163.6 (t), 167.5 (bs). Anal.
Calc. for CoeHasB2F40MnNgOg: C, 50.31; H, 2.11; N, 5.50. Found: C, 50.70; H, 1.91; N,
5.24. hmax(Q-peak) = 832 nm.

[K(kryp)][E®°PcMnN] (3.2). In a glovebox, 0.050 g (0.0535 mmol) of 3.2 was dissolved in

~7.5 mL of THF with 0.022 g (0.0588 mmol, 1.1 eq.) of Kryptofix® 222. KCs (0.0072 g,
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0.0533 mmol, 1 eq.) was slurried in THF and added dropwise to the green solution of 3.2
under stirring, turning the solution deep teal. The solution was stirred for 10 mins, then
reduced to dryness under vacuum. Benzene (10 mL) was added, and the solution stirred for
15 mins, resulting in a dark green/teal solution that was filtered through a glass wool
Celite® plug resulting in a deep green/teal effluent and dark powder on the plug. The
product was extracted with THF, resulting in a dark teal effluent which was then reduced to
dryness to yield the microcrystalline product. Recrystallizations were performed by layering
in THF with isooctane at -30 °C, resulting in small, trapezoidal purple/blue crystals. Yield
0.010 g (13.9%). *H NMR (400 MHz, ds-THF): Silent with the exception of trace signals of
3.2Z present. Anal. Calc. for CesHgaKMnN11014: C, 58.74; H, 6.27; N, 11.42. Found: C,
58.87; H, 6.37; N, 11.33.

[K(kryp)]2[E°PcMnN] (3.2%). In a glovebox, 0.020 g (0.0214 mmol) of 3.2 was dissolved in
~7.5 mL of THF with 0.017 g (0.0454 mol, 2.1 eq.) of Kryptofix® 222. KCg (0.0145 g,
0.107 mol, 5 eq.) was slurried in THF and added dropwise to the green solution of 3.2 under
stirring, turning the solution deep blue. The solution was stirred for 10 mins, then reduced to
dryness under vacuum. Hexane (10 mL) was added, and the solution stirred for 15 mins,
resulting in a dark blue suspension that was filtered through a glass wool, Celite® plug,
resulting in a clear effluent and dark microcrystalline product on the plug. The product was
extracted with THF, resulting in a dark blue effluent which was then reduced to dryness to
yield the microcrystalline product. Recrystallizations were performed by layering a
concentrated THF solution with isooctane at -30 °C resulting in large, sawtooth purple/blue
crystals. Yield 0.016 g (42.3%). *H NMR (600 MHz, CeDs): & 6.30 (bs, 24H, kryp), 5.79

(bs, 24H, kryp), 4.53 (s, 8H, CeHz), 4.29 (bs, 24H, kryp), 2.53 (ddg, J = 69.0, 10.6, 7.0 Hz,
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16H, OCH2CHz3), 0.64 (t, J = 7.0 Hz, 24H, OCH2CHp3). Anal. Calc. for CgsH120K2MnN13O20:

C, 57.16; H, 6.85; N, 10.32. Found: C, 56.95; H, 6.73; N, 10.06.
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3.5 Crystallographic Tables

3.5.1 Selected Crystallographic Data

Table 3.2 — Selected crystallographic data for 3.1.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
a(deg)
B(deg)
v(deg)
V(A3
4
T (K)

d(calc) g/cm?

Abs coeff, p, mm?

Data collected
Rint
Data used
Parameters
R (>20)
WR;

GOF

C52H56C|MHN809

1027.44
Monoclinic
P21l/c
14.330(5)
22.086(7)
16.661(5)
90
112.147(6)
90
4884(3)
4
100(2)
1.395
0.391
8246
0.0979
2961
617
0.2904
0.2592

0.974
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Table 3.3 — Selected crystallographic data for 3.2.

Formula CsoH485C1sMnNgOs
Formula wit. 1100.22
Crystal system Tetragonal
Space group 141
a(A) 37.0495(15)
b(A) 37.0495(15)
c(R) 14.6013(6)
a(deg) 90
P(deg) 90
v(deg) 90
V(A3 20042.7(18)
Z 16
T (K) 100(2)
d(calc) g/cm? 1.458
Abs coeff, u, mm* 0.541
Data collected 16914
Rint 0.0826
Data used 13140
Parameters 1276
R (>20) 0.1112
WR> 0.2268
GOF 1.020
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Table 3.4 — Selected crystallographic data for 3.2*.

Formula
Formula wt.
Crystal system
Space group
a(A)
b(A)
c(A)
a(deg)
B(deg)
y(deg)
V(A3
Z
T (K)
d(calc) g/cm?®
Abs coeff, u, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR2

GOF

Cso5Hs54BF215sMNnNgOg

1749.57
Triclinic
P-1
12.448(6)
16.428(8)
19.623(10)
72.870
78.954
70.115(9)
3588(3)
2
100(2)
1.620
0.308
13203
0.0723
4970
1076
0.2466
0.1437

0.930
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Table 3.5 — Selected crystallographic data for 3.22*.

Formula
Formula wit.
Crystal system
Space group
a(A)
b(A)
c(A)
a(deg)
B(deg)
y(deg)
V(A3
Z
T(K)
d(calc) g/cm?®
Abs coeff, u, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR2

GOF

C138Ho0B2F40MnNgOsg

2838.74
Tetragonal
141cd
45.776(4)
45.776(4)
14.4580(12)
90
90
90
30296(6)
8
100(2)
1.245
0.057
8795
0.0677
8237
892
0.0734
0.1981

0.955
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Table 3.6 — Selected crystallographic data for 3.2

Formula C79H92KMNnN11015
Formula wit. 1421.58
Crystal system Triclinic
Space group P-1
a(A) 14.123(4)
b(A) 15.530(5)
c(A) 16.283(5)
a(deg) 78.073(7)
p(deg) 80.064(6)
v(deg) 89.083(7)
V(A% 3441.0(18)
Z 2
T (K) 102(2)
d(calc) g/cm? 1.323
Abs coeff, u, mm* 0.299
Data collected 17131
Rint 0.0818
Data used 8457
Parameters 903
R (>20) 0.2102
WR> 0.2593
GOF 0.940
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Table 3.7 — Selected crystallographic data for 3.2%.

Formula
Formula wit.
Crystal system
Space group
a(A)
b(A)
c(A)
a(deg)
B(deg)
v(deg)
V(A3
Z
T (K)
d(calc) g/cm?®
Abs coeff, u, mm?
Data collected
Rint
Data used
Parameters
R (>20)
WR2

GOF

Co6H132K2MnN13020
1921.28
Triclinic

P-1
14.626(3)
17.578(4)
19.915(4)
87.379(7)
70.556(5)
89.075(6)

4823.2(16)
2
100(2)
1.323
0.299
17131
0.0758
8457
1193
0.1757
0.2103

0.998
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3.5.2 Bond Length Tables
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Figure 3.15. Atom denotations for 3.2, 3.2+, 3.22*, 3.2, 3.2%-, used to construct the bond
length metrics in Tables 3.X-3.X. Atomic labels do not correspond with CIF atomic labels,
but rather an arbitrarily designated orientation. Bond lengths were measured from the CIF in
Olex2. For unit cells containing multiple E©°PcM molecules, one was chosen as a

representative molecule.
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Table 3.8. Bond length metrics for 3.2.

Core Bond Lengths (CW from N1; A)

N1-C1 1.321(1)

C1-N2 1.378(1)

N2-C8 1.368(1)

C8-N3 1.319(1)

N3-C9 1.322(1)

C9-N4 1.372(1)

N4-C16 1.362(1)

C16-N5 1.330(1)

N5-C17 1.316(1)

C17-N6 1.386(1)

N6-C24 1.376(1)

C24-N7 1.336(1)

N7-C25 1.320(1)

C25-N8 1.374(1)

N8-C32 1.390(1)

C32-N1 1.326(1)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.451(1) C17-C18 1.466(2)
C2-C3 1.410(2) C18-C19 1.412(2)
C2-c7 1.396(2) C18-C23 1.386(2)
C3-C4 1.408(2) C19-C20 1.377(2)
C4-C5 1.384(2) C20-C21 1.354(2)
C5-C6 1.412(2) C21-C22 1.416(2)
C6-C7 1.412(2) C22-C23 1.380(2)
C7-C8 1.441(2) C23-C24 1.469(1)
C9-C10 1.465(2) C25-C26 1.473(2)
C10-C11 1.409(1) C26-C27 1.393(2)
C10-C15 1.409(2) C26-C31 1.399(1)
C11-C12 1.404(2) C27-C28 1.400(2)
C12-C13 1.357(2) C28-C29 1.365(2)
C13-C14 1.360(2) C29-C30 1.391(2)
C14-C15 1.408(2) C30-C31 1.425(2)
C15-C16 1.471(2) C31-C32 1.448(2)
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Table 3.9. Bond length metrics for 3.2*.

N1-C1
C1-N2
N2-C8
C8-N3
N3-C9
C9-N4
N4-C16
C16-N5
N5-C17
C17-N6
N6-C24
C24-N7
N7-C25
C25-N8
N8-C32
C32-N1

Core Bond Lengths (CW from N1; A)

1.324(9)
1.378(8)
1.377(9)
1.336(8)
1.353(7)
1.967(5)
1.373(7)
1.337(8)
1.318(8)
1.402(8)
1.372(8)
1.333(8)
1.330(7)
1.371(8)
1.372(7)
1.320(8)

Ci1-C2
C2-C3
C2-C7
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C9-C10
C10-C11
C10-C15
C11-C12
C12-C13
C13-C14
C14-C15
C15-C16

Periphery Bond Lengths (CW from C1; A)

1.456(9)
1.413(8)
1.390(9)
1.398(9)
1.366(9)
1.405(8)
1.395(9)
1.465(8)
1.446(9)
1.386(9)
1.404(8)
1.409(8)
1.373(8)
1.397(9)
1.407(9)
1.445(9)

C17-C18
C18-C19
C18-C23
C19-C20
C20-C21
C21-C22
C22-C23
C23-C24
C25-C26
C26-C27
C26-C31
C27-C28
C28-C29
C29-C30
C30-C31
C31-C32

1.431(9)
1.416(8)
1.401(9)
1.402(9)
1.396(9)
1.394(8)
1.382(9)
1.469(8)
1.461(9)
1.385(9)
1.426(8)
1.411(8)
1.392(8)
1.363(9)
1.379(9)
1.451(10)
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Table 3.10. Bond length metrics for 3.2%*,

Core Bond Lengths (CW from N1; A)

N1-C1 1.315(9)
C1-N2 1.384(9)
N2-C8 1.366(9)
C8-N3 1.330(9)
N3-C9 1.324(9)
C9-N4 1.372
N4-C16 1.387(9)
C16-N5 1.334(9)
N5-C17 1.315(9)
C17-N6 1.366(9)
N6-C24 1.384(9)
C24-N7 1.330(9)
N7-C25 1.324(9)
C25-N8 1.372
N8-C32 1.387(9)
C32-N1 1.334(9)
Periphery Bond Lengths (CW from C1; A)
C1-C2 1.479(10) C17-C18 1.479(10)
C2-C3 1.400(10) C18-C19 1.400(10)
C2-C7 1.395(10) C18-C23 1.395(10)
C3-C4 1.416(10) C19-C20 1.416(10)
C4-C5 1.359(10) C20-C21 1.359(10)
C5-C6 1.408(10) C21-C22 1.408(10)
C6-C7 1.386(10) C22-C23 1.386(10)
C7-C8 1.454(10) C23-C24 1.454(10)
C9-C10 1.440(10) C25-C26 1.440(10)
C10-C11 1.386(10) C26-C27 1.386(10)
C10-C15 1.413(10) C26-C31 1.413(10)
C11-C12 1.448(10) C27-C28 1.448(10)
C12-C13 1.357(10) C28-C29 1.357(10)
C13-C14 1.433(10) C29-C30 1.433(10)
C14-C15 1.403(10) C30-C31 1.403(10)
C15-C16 1.433 C31-C32 1.433
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Table 3.11. Bond length metrics for 3.2-.

Core Bond Lengths (CW from N1; A)

N1-C1 1.341(7)

C1-N2 1.383(7)

N2-C8 1.383(7)

C8-N3 1.330(7)

N3-C9 1.309(7)

C9-N4 1.388(7)

N4-C16 1.384(7)

C16-N5 1.302(7)

N5-C17 1.341(7)

C17-N6 1.383(7)

N6-C24 1.383(7)

C24-N7 1.330(7)

N7-C25 1.309(7)

C25-N8 1.388(7)

N8-C32 1.384(7)

C32-N1 1.302(7)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.433(8) C17-C18 1.433(8)
C2-C3 1.400(8) C18-C19 1.400(8)
C2-c7 1.400(8) C18-C23 1.400(8)
C3-C4 1.389(9) C19-C20 1.389(9)
C4-C5 1.387(9) C20-C21 1.387(9)
C5-C6 1.379(9) C21-C22 1.379(9)
C6-C7 1.413(8) C22-C23 1.413(8)
C7-C8 1.435(8) C23-C24 1.435(8)
C9-C10 1.468(7) C25-C26 1.468(7)
C10-C11 1.394(8) C26-C27 1.394(8)
C10-C15 1.393(8) C26-C31 1.393(8)
Cli-C12 1.387(8) C27-C28 1.387(8)
C12-C13 1.385(8) C28-C29 1.385(8)
C13-C14 1.382(8) C29-C30 1.382(8)
C14-C15 1.403(8) C30-C31 1.403(8)
C15-C16 1.480(8) C31-C32 1.480(8)
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Table 3.12. Bond length metrics for 3.2%.

Core Bond Lengths (CW from N1; A)

N1-C1 1.297(6)

C1-N2 1.396(6)

N2-C8 1.401(6)

C8-N3 1.300(6)

N3-C9 1.380(6)

C9-N4 1.380(6)

N4-C16 1.384(6)

C16-N5 1.375(6)

N5-C17 1.302(6)

C17-N6 1.392(6)

N6-C24 1.392(6)

C24-N7 1.301(6)

N7-C25 1.378(6)

C25-N8 1.377(6)

N8-C32 1.379(6)

C32-N1 1.363(6)

Periphery Bond Lengths (CW from C1; A)

C1-C2 1.458(7) C17-C18 1.472(6)
C2-C3 1.411(7) C18-C19 1.400(7)
C2-C7 1.385(7) C18-C23 1.401(7)
C3-C4 1.384(7) C19-C20 1.386(7)
C4-C5 1.378(7) C20-C21 1.386(8)
C5-C6 1.392(7) C21-C22 1.388(7)
C6-C7 1.399(7) C22-C23 1.391(7)
C7-C8 1.476(7) C23-C24 1.461(7)
C9-C10 1.428(7) C25-C26 1.411(7)
C10-C11 1.410(7) C26-C27 1.414(7)
C10-C15 1.420(7) C26-C31 1.424(7)
C11-C12 1.364(7) C27-C28 1.362(7)
C12-C13 1.429(7) C28-C29 1.427(7)
C13-C14 1.361(8) C29-C30 1.351(7)
C14-C15 1.423(7) C30-C31 1.430(7)
C15-C16 1.399(7) C31-C32 1.417(7)
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Chapter 4

Symmetric Phthalocyanine Charge Carrier for Dual Redox

Flow Battery/Capacitor Applications

141



4.1 Introduction

Grid-level energy storage is central to widespread utilization of renewable energy
technologies due to their intermittent nature.® Electrochemical flow systems, such as redox
flow batteries (RFBs) and electrochemical flow capacitors (EFCs), have been identified as
promising candidates capable of meeting the near-term U.S. Department of Energy (DOE)
economic targets for grid-level energy storage systems ($250/kWh with a system efficiency
of ~80% and a cycle life of 3,900 cycles).? The principal advantages of flow vs. non-flow
systems are that total energy and power densities are decoupled, meaning the
charge/discharge rates of the cell can be varied to match the power flux of the grid by
control of electrode surface area, while the energy capacity can be adjusted by control of the
reservoir sizes (Figure 4.1).2 Despite advantageous design characteristics, widespread
commercialization of both RFBs and EFCs is hindered by an inadequate balance of
performance and cost, rendering the cost uncompetitive with conventional Li-ion batteries
($80-$150/kWh), which remain a principal contender for grid-level electrochemical energy
storage.l: 4

A recurring theme in current RFB research is the perceived requirement of developing
charge carriers with both high electrochemical stability and high solubility, addressing long-
term cyclability and energy density, respectively.52° However, there is a growing notion that
stability and cost may supersede the solubility requirement commonly touted as a central
criterion in RFB applications. For instance, research on semi-solid RFBs?*?2 and slurry-
based EFCs?3-%6 — hoth adopting similar operational design as conventional solution-state
RFBs — highlight how electrochemical flow systems can readily operate under slurry
conditions. For RFBs, few reports described the use of slurries which are comprised of a

conductive carbon material and a charge carrier material heterogeneously mixed with a
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supporting electrolyte solution.?”-? This strategy allows redox processes to be mediated
throughout the mixture by the dynamic behavior of the conductive carbon material, rather
than exclusively at the electrode surface. The carbon slurry effectively operates as a
conductive percolation network resulting in a system with a higher energy density than an
analogous EFC and a higher power density than an analogous RFB. Simplistically, this dual
RFB/EFC system can be perceived as utilizing the faster charge/discharge response of an
EFC to circumvent the slower charge/discharge response of an RFB, while retaining the

higher energy density of the latter.
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Negative Positive
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Sediment Sediment

[PcMnNJ* [PcMnNJ*
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Figure 4.1. General operating principles of a symmetric slurry-based dual RFB/EFC
incorporating both faradaic charge carrier (3.2) and a conductive percolation network

(conductive carbon sediment) components.

4.2 Results and Discussion

4.2.1 Electrochemistry

In Chapter 3, we described the synthesis, isolation, and full characterization of a new
phthalocyanine (Pc) Mn-nitride complex, (°Pc)MnN (3.2; °Pc = 1,4,8,11,15,18,22,25-
octaethoxy-Pc; Figure 4.1), as well as its stable, readily accessible oxidized (3.2* and 3.22%)
and reduced (3.2, 3.22°) congeners.>® Phthalocyanines are chemically-robust aromatic
macrocycles produced on a megaton scale by the ink industry from low cost commodity
chemicals for as low as $5 USD/kg, and exhibit rich electrochemistry.31-32 Moreover, such
large charge carriers featuring extended, switchable3® aromatic circuits further benefit from
high redox stability due to the extensive © delocalization and low charge density at sites
potentially vulnerable to chemical attack.3® Herein, we describe how 3.2 displays excellent
electrochemical stability and how it can be used as both the positive and negative charge
carrier for fully symmetric dual RFB/EFC applications. We also describe that while 3.2
displays only modest solubility, integration of it with a commercial conductive carbon
additive, Ketjenblack (KB), renders it a viable candidate in a slurry-based dual RFB/EFC
system.

As described in Chapter 3, the synthesis and characterization of all five redox states of 3.2
(3.22%, 3.2+, 3.2, 3.27, 3.2%) revealed that all redox events are ligand-borne with the terminal
Mn=N motif functioning more as an inert “cap” than an electronic participant.’® With this

detailed understanding in hand, we next proceeded to study this system as a potential
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symmetric charge carrier. We first characterized 3.2 by cyclic voltammetry (CV) with a
glassy carbon disk working electrode (r = 1.5 mm), Pt wire counter electrode, and Pt wire
pseudo-reference electrode. The CV of 3.2 in dichloromethane (DCM) with 0.1 M
[BusN][PFe] as supporting electrolyte at varying scan rates revealed four reversible redox
events with half-wave potentials (E°) of 0.45 V (3.22%/3.2%), 0.02 V (3.2*/3.2), -1.38 V
(3.2/3.2°), and -1.75 V (3.27/3.2%), versus an internal ferrocene/ferrocenium (Fc/Fc*)
reference (Figure 4.2a). Furthermore, the wide voltage gaps of 1.40 V and 2.20 V between
the first and second 1 e redox events, respectively, provides a wide cell potential (Vcen),
comparable to other non-aqueous RFB systems.3+3° This system additionally has the added
benefit of transferring up to 2 e (n = 2) per molecule from fully charged to fully discharged,
further contributing to the overall energy density of the system. Preliminary evidence of the
long-term thermodynamic stability of all charged states towards repeated cycling was
supported by comparing the 1%t and 500" sweep in the CV demonstrating excellent fidelity

between the voltammograms (Figure 4.2b).
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Figure 4.2. (a) Experimental (solid lines) and simulated (dotted lines) varying scan rate CVs
of 3.2. Simulations were performed using DigiSim. Experimental conditions: 3.2 (0.29 mM)
in DCM with 0.1 M [BusN][PFe] supporting electrolyte and using a 3 mm glassy carbon
working electrode and Pt wire counter and pseudo-reference electrodes. See supporting
information for all scan rates and simulation parameters. (b) Multi-sweep CV of 3.2 (0.24
mM) at 0.5 V/s with all other conditions identical to (a). (c) Randles-Sev¢ik analysis of 3.2
for each redox event and (d) Nicholson analysis of each redox couple of 3.2, both calculated

using all scan rates. See Figures S2-S5 for full figures and detailed analyses.
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We next proceeded to measure key physical parameters, namely the diffusion coefficient (D)
and the heterogeneous electron transfer rate constant (ko) for this system following reported
procedures. 18 29 3437 D was initially investigated using the Randles-Sevéik equation (Eq.
4.1) for a reversible event.®® For a given scan rate (v) and concentration (C), a plot of the
peak current values (lp) as a function of v¥? produced a linear correlation, indicative of a
diffusional process. This in turn allowed us to extract D for each event from the slope,

assuming n =1 and given a known electrode surface area (A) (Figure 4.2c).
(4.1) 1, =268,600n3?ADY2 Cv2

While D values for all species were obtained (Table 4.1), minor inaccuracies for 3.2+ and
3.22- were suspected due to a Cotrellian current decay contribution from the 3.2/3.2* and 1/1-
couples, respectively, which may manifest in erroneous measured D values. To probe this
further, we turned to simulations using the DigiSim software (see Experimental).3® The
simulated values of D (Table 4.1) were in good fit with the experimental results throughout
all scan rates (Figure 4.2a). Moreover, the D values of 3.2 and 3.2*/3.2- were in close
agreement with those obtained from the Randles-Sevéik analyses (Table 4.1). However, the
simulated D values of 3.22* and 3.22- deviated substantially from their experimentally-
derived counterparts (Table 4.1), likely supporting the notion that the observed decrease in
D for 3.22* and 3.2% is an artifact caused by the close redox potentials of the events. The
experimental and simulated values obtained are comparable to charge carriers of similar
size.*0

Table 4.1. Relevant experimental and simulated physical parameters, E°, D, and Ko.

Species H DRandles-Sevéix (CmM?2 s71) Dsimulation (cM? s1)
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3.22* 4.10*108 1.2*107
3.2* 2.88*107 2.7*107
3.2 2.58*107 3.0*10”7
3.2 3.26*107 2.7*107
3.2% 1.52*108 1.2*1077

Ko -Nicholson Ko -simulation
Couple E® (V)

(cms?) (cm s1)
32" 32% +¢ 0.45 0.0009 0.0015
32:32t+e 0.02 0.0010 0.0015
32+e 232 -1.38 0.0011 0.0015
32 +e 32 -1.75 0.0011 0.0015

The heterogeneous charge-transfer rate constant (ko) was next determined by combining the

variable scan rate CV data (Figure 4.2) with Nicholson’s kinetic parameter*! (Eq. 4.2):

(42) ¥ =ko[zDnvFI(RT)]V2

With ¥ being determined through Lavagnini’s numerical interpretation®? of Nicholson’s

working curve (Eqg. 4.3) to construct a plot of ¥ vs. v2 (Figure 4.2d):

(4.3) ¥=(-0.6288 + 0.0021y)(1 — 0.017x)

Where y is the peak-to-peak separation in mV. The slope of such a plot yields ko. The rates

of all four redox events were determined with values ~0.001 cm s indicating fast electron
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transfer (Table 4.1) acceptable for a charge carrier.® These values were further confirmed by

simulation and are in excellent agreement (Table 4.1).

4.2.2 Static Cell Measurements.

With the highly symmetric profile, wide voltage gap, and favorable values of D and ko, we
proceeded to determine the viability of 3.2 as a symmetric charge carrier for RFB
applications. Static cell measurements were conducted in a two-electrode H-cell separated
by a medium porosity glass frit. We note here that a symmetric charge carrier allows for a
simple porous separator to be used in lieu of an expensive ion-exchange membrane and,
although more resistive than a traditional nanoporous separator, a glass frit was chosen for
experimental simplicity.® This is especially attractive for non-aqueous systems, as the
majority of commercially available ion-exchange membranes are designed and optimized
for use with aqueous systems,*-% and suffer from poor conductivity in non-aqueous
solvents.*8 Additionally, most non-aqueous RFBs operate at high potentials with charged
carrier states potentially incompatible with the membranes in use.*® Thus, using a
chemically-inert, porous separator of known composition and morphology has the potential
to eliminate membrane/electrolyte degradation pathways, and typically gives low resistance
in non-aqueous solvents.* Solution-state galvanostatic charge-discharge measurements were
performed using a 0.50 mM solution of 3.2 in acetonitrile (CH3CN) with stirring, using
asymmetric charge and discharge currents of 100 and 12.5 pA, respectively, and cycling
between ~75-0% state-of-charge (SOC) (Figure 4.4a). The asymmetric charge/discharge was
chosen to allow the system to reach a greater depth of discharge (~0%) relative to charge
(~75%). Further, the SOC can be visually tracked by a noticeable change in solution color

(Figure 4.3).
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Figure 4.3. One full charge/discharge cycle of 3.2, in CH3CN with oxidation and reduction
occurring in the left and right compartment on charging, respectively. (a-d) were taking
during charging, and (e-f) were taken during discharging. (a) = ~0% state of charge (SOC),

(b) = ~25% SOC, (c) = 50% SOC, (d) ~75% SOC, (€) ~35% SOC, (f) = ~0% SOC.

The charge/discharge rates were chosen with the consideration of achieving both a
reasonable cycling time and a suitable SOC. The features of charge-discharge follow
theoretical models for a five-redox state system,*3 in which there are two well-defined
current plateaus corresponding to the 3.2%/3.2- and 3.22*/3.22- couples (Figure 4.4b). Cycling
over 35 cycles reveals excellent fidelity of charge/discharge features, as well as a high
faradaic efficiency (FE) exceeding 99% per cycle, indicating minimal deleterious side
reaction(s) over the course of cycling (~ 5 days) (Figure 4.4c). The voltage efficiency (VE)
was 75% with a gradual fade to 73% by the 35™ cycle. VE is largely subject to internal cell
resistance and here we attribute the initial VE value to cell design, and the 2% fade to cell

polarization resistance leading to a new SOC for the given voltage cutoffs, a common
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occurrence in charge/discharge experiments.*” Combining FE and VE, the system provides
an overall energy efficiency (EE) of ~75% over 35 cycles (Figure 4.4c). Overall, the
faradaic capacity, defined here as the total charge transferred on discharge for a given cycle
relative to the initial discharge, decreased by ~0.1% per cycle over 35 cycles.

While solution-state cycling of 3.2 shows promising stability and electron transfer kinetics,
the poor solubility of 3.2 (~1 mM in CH3CN) and associated low energy density (0.02
Wh/L) prohibits its useful application as a charge carrier for conventional solution-state
RFB applications. We therefore turned to utilizing a conductive carbon additive, KB, in
order to generate a high-surface conductive percolation network for our system.?® Prior to
integrating KB with 3.2, we first performed a simple control cycling experiment with only
KB to better understand the behavior of our conductive carbon additive. Slurry-state
galvanostatic charge-discharge measurements were performed with 50 mg of KB in 5 mL of
CH3CN in each compartment with stirring and with asymmetric charge and discharge
currents of -500 and 250 pA, respectively, employing the same voltage cutoffs as used for
the solution-state cycling of 3.2 (Figure 4.4d). The features of charge-discharge follow those
expected for a purely capacitive system, displaying a clear linear relationship between
potential and SOC (Figure 4.4e). Cycling over 20 cycles reveals excellent fidelity of
charge/discharge features with a high FE exceeding 99% per cycle, negligible capacity fade
over the course of cycling (~3.5 days), and a low energy density (0.06 Wh/L). The VE was
57% with no appreciable fade by the 201 cycle, resulting in an EE of ~57% over 20 cycles
(Figure 4.4f). Additionally, self-discharge experiments revealed that negligible self-

discharge was observed over the course of 24 h.

151



L
o
S
L

N
o

Id
o

100 L .msssssmssssssssssssssessssssss
20 20 80 memmmrETEmanaonL L.
S 15 S 1.54 g
= = > 601 rE
= £ 2 VE
< 10 5 1.0 £
& & g 40 ~0.02 Wh/L
o o .
0s 05 w 2] ~98% Capacity
Retention
0.0 . ; : , , 0.0 ‘ 0 ———————————y
0 24 48 72 9% 120 24 48 0 5 10 15 20 25 30 35
Time (h) Time (h) Cycle (#)
d)zs- e)zs f)
’ ’ 100] wwsssamesamamaganas
2.0 2.0
80
E 1.5 E 1.5 i 604 _ _ R
] K] > EEgEEEREREE FEReEs
£ 10 g 10 g
g g G 404 FE ~0.06 Wh/L
& .
& 05. £ 05 . VE >99% Capacity
0.0 0.0 Retention
; : " ; , ‘ . : ‘ : 0 : : ‘ :
0 20 40 60 80 40 42 44 46 48 50 0 5 10 15 20
Time (h) Time (h) Cycle (#)
ag) h) i)
2.5- 2.5 100 s wamepas=amnna
2.0 2.0
80
E 1.5 E 1.5 S 6ol
= = - . .
£ 10 £ 10 e
g g g 409 g ~0.54 Wh/L
& 054 & 054 W] VE | >99% Capacity
0.04 0.04 Retention
. ‘ . . . , ; . 0 . . ‘
0 48 96 144 192 240 288 24 48 72 0 5 10 15
Time (h) Time (h) Cycle (#)

Figure 4.4. (a-b) Solution-state galvanostatic charge-discharge curves and features of 3.2 (-
100 pA charge, 12.5 pA discharge) over 35 cycles. (¢) Faradaic efficiency (FE), voltage
efficiency (VE), and energy efficiency (EE) of 3.2 for solution-state cycling. (d-e) Slurry-
state galvanostatic charge-discharge curves and features of KB (-500 pA charge, 250 pA
discharge) over 20 cycles. (f) FE, VE, and EE of KB for slurry-state cycling. (g-h) Slurry-
state galvanostatic charge-discharge curves and features of 3.2/KB (-500 pA charge, 250 pA
discharge) over 15 cycles. (i) FE, VE, and EE of 3.2/KB for slurry-state cycling. (c, f, 1)
Calculated energy densities and capacity retentions are inset. See Experimental for full

conditions and calculations.
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With a clear basis of charge/discharge behavior for both 3.2 and KB, we proceeded to cycle
3.2 as a slurry with KB functioning as a “conductive extension” to the working electrode.
The KB both increases the overall electrochemical capacitance and functions as a direct
charge mediator to 3.2. We would like to briefly mention that a slurry-based dual RFB/EFC
system would likely utilize tanks with large quantities of solid-state charge carrier
“sediment” and a suspended-state or solution-state supernatant phase that is actively pumped
through flow fields, functioning as a conductive extension between the sediment and
electrode surface (Figure 4.1).48-4° As described here, a slurry of 3.2/KB appears to function
in this manner, with a portion of 3.2/KB actively suspended and a large quantity of sediment
residing at the bottom of the cell. Slurry-state galvanostatic charge-discharge measurements
were performed in CH3CN with 65 mg of 3.2 and 105 mg of KB in each compartment under
stirring, with asymmetric charge and discharge currents of -500 and 250 A, respectively,
employing the same voltage cutoffs as used for the solution-state cycling of 3.2 (Figure
4.49). The features of charge-discharge (Figure 4.4h) appear to be intermediate between
those of 3.2 (Figure 4.4b) and those of KB (Figure 4.4e), consistent with combined faradaic
and capacitive contributions. Cycling over 15 cycles revealed excellent fidelity of
charge/discharge features, as well as a high FE exceeding 99% per cycle, indicating minimal
deleterious side reactions and negligible capacity fade over the course of cycling (~12 days).
Furthermore, the system benefited from a substantially increased energy density (0.54
Wh/L) relative to the prior solution-state cycling of 3.2 and slurry-state cycling of KB. The
VE was 56% with no appreciable fade by the 15™ cycle and the corresponding EE was ~56%
over 15 cycles (Figure 4.4i). Additionally, self-discharge appeared to be negligible over the
course of 24 h. It should be noted here that attempts to galvanostatically cycle 3.2 as a slurry

in the absence of KB showed egregious capacity fade and ill-defined charge-discharge
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features, not unexpected for a kinetically-limited slurry in the absence of a conductive
percolation network (Figure 4.6).
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Figure 4.5. (a-b) Slurry-state galvanostatic charge-discharge curves and features of 3.2 as
slurry in the absence of KB (-500 pA charge, 250 pA discharge) over 20 cycles. (c) FE, VE,

and EE of 3.2 in the absence of KB.

4.3 Summary

Together, these results clearly demonstrate that the KB component is primarily responsible
for driving the redox processes of 3.2 throughout the slurry. This also implies that power
density is mostly controlled by the capacitive KB component (EFC), and the energy density
is primarily controlled by the galvanic component (RFB), suggesting that this dual
symmetric RFB/EFC architecture could be adjusted to have an increased power density with
higher carbon loading, or an increased energy density with higher charge carrier loading,
depending on required applications. Additionally, this system is kinetically limited by the
carbon slurry, allowing for effective charge/discharge beyond the solubility limit of the
charge carrier. Overall, this study demonstrates that hybrid electrochemical architectures
(RFB + EFC) utilizing both galvanic and capacitive components can display higher power

densities and energy densities than the individual respective components, and allow for the
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use of insoluble species that would otherwise be discounted for use in conventional solution-

state systems.

4.4 Experimental

Techniques and Reagents. All manipulations were performed under an atmosphere of dry,

oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped with
a -40 °C freezer), or under an atmosphere of dry, oxygen-free Ar within a retrofitted VAC
glovebox, or by standard Schlenk techniques. Pentane, Ce¢Ds, EtO, DCM and THF
(inhibitor-free) were dried and degassed on an MBraun Solvent Purification System and
stored over activated 4 A molecular sieves. All other solvents were degassed by freeze-
pump-thaw and stored on activated 4 A molecular sieves prior to use. Celite® and 4 A
molecular sieves were dried at 250 °C under dynamic vacuum (< 0.1 Torr) for 24 h prior to
use. Compound 3.2 was prepared by previously reported methods.3® Ketjenblack® EC-
600JD (KB) was purchased from a private supplier. All other reagents were obtained from
Sigma-Aldrich, Fisher Scientific, or VWR and used without further purification.

Electrochemical Measurements. Cyclic voltammograms were performed on a CH

Instruments 630E Electrochemical Analysis Potentiostat. All working electrodes were of 3.0
mm diameter (CH Instruments) and were cleaned prior to each experiment by sequentially
polishing with a gradient of 1.0 pum, 0.3 um, and 0.05 pm alumina (CH Instruments) on a
cloth pad, followed by rinsing with distilled water and acetone. The Pt wire pseudo-
reference and counter electrodes were rinsed with distilled water and acetone and heated
white-hot with a butane torch. All measurements were performed on recrystallized product
and referenced to the Fc/Fc* redox couple unless otherwise stated. Static cell cycling

experiments were carried out using a Metrohm Autolab PGSTAT128N
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potentiostat/galvanostat, utilizing voltage cutoffs. For cycling experiments, two coiled Pt
electrodes (Bio-Logic) were used and were cleaned by rinsing with distilled water and
acetone and then heating white-hot with a butane torch. All electrodes were transferred into
a glovebox and subsequently rinsed with the respective electrolyte solution immediately
prior to use. The H-cell was custom-made by the in-house glassblower. All electrochemical
measurements were performed under an inert atmosphere. For slurry measurements, solid
material was first ground together using a mortar and pestle, and then combined with 5 mL
of 0.2 M [BusN][PFe] in CH3CN, and sonicated for 1 h prior to addition to the H-cell. For all
cycling efficiency metrics, the first cycle was discarded.

Faradaic efficiency (FE) was defined by Eq. 4.4:

(4-4) FE = (Qdischarge/Qcharge) *+ 100%

Where Q is charge transferred. VVoltage efficiency (VE) was defined by Eq. 4.5:

(45) VE = (V(mean)discharge/V(mean)charge) *100%

Where V(mean) is the mean voltage. Energy efficiency (EE) was defined by Eq. 4.6:

(4.6) EE = (FE  VE)/100%

DigiSim simulations. All simulations were performed with the same concentration, starting

potential, ending potential, voltage window, experimental E°, and scan rate as experimental,

and the assumption that T = 298 K, r = 1.5 mm. All events were assumed to have an o/ A
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ratio of 0.5, and the diffusion coefficient (D) and the heterogeneous charge transfer constant
(ko) were fitted to all scan rates to produce the closest fits.

Energy density calculations.

The energy density was calculated using the following assumptions:
1) KB provides 25 C when 100 mg is used (estimated from experimental
charge/discharge curves; Figure 4.4)
2) 3.2 provides 2 e per molecule, and has a molecular weight of 934 g/mol
3) Experimental Vcen(discharge) values were used for each calculation
Solution-state cycling:

Using the following equation®®:  Errg = 0.5 1 * Veell * Cactive * F

where: Errs = energy density for RFB
n = number of electrons transferred at the electrodes = 2
Veen = cell potential
Cactive = concentration of the redox active species

F = Faraday’s constant = 96,485 C/mol

with: 4.7 mg of 3.2 dissolved in 10 mL

Vcell =140V

then: Errs = 0.5 2 1.4V * (0.0047 g/ 934 g/mol)(1/0.010 L) * 96485 C/mol = 67.9 J/L ~
0.02 Wh/L
KB cycling:

Using the following equation:  Errs = (q * Veen)/(volume)
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where: Egrc = energy density for EFC
q = total charge transferred = 2.5 C (using 100 mg KB and following assumption 1
above)
volume =0.010 L
Wlth Vcell = 084 V
then: Egrc = (2.5 C »0.84 V)(1/0.010 L) = 210 J/L ~ 0.06 Wh/L
Slurry-state cycling:
Using the following equation:  Etotal = Errs + Eerc
with: 130 mg of 3.2
210 mg of KB
volume = 0.010 L

Vcell =104V

then: Eerc = [0.5 +2 « 1.04 V « (0.130 g)(1/934 g/mol)(1/0.010 L) « 96485 C/mol] + [(210

mg)(2.5 C/100 mg)(L.04 V)(1/0.010 L] = 1943 J/L ~ 0.54 Wh/L
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Chapter 5

Redox-Switchable Chelation for Uranium Capture and

Release
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5.1 Introduction

The uranyl ion (UO2?*; UV! oxidation state) is the most common form of U found in
terrestrial and aquatic environments and is a central component in nuclear fuel processing
and waste remediation efforts. Nuclear energy is often considered a cleaner energy source
than fossil fuels; however, the inadvertent release of radioactive materials to the
environment poses potential serious threats to human health? and wildlife. Uranyl capture
from either seawater or nuclear waste has been well studied and commonly relies on
extremely strong chelating/binding affinities to UO2?* using chelating polymers®#, porous
inorganic>’ or carbon-based®® materials, as well as homogeneous'®* compounds. The
decades-old industrial Plutonium and Uranium Reduction EXtraction (PUREX) process for
nuclear fuel reprocessing relies on the biphasic extraction of UO2?* and Pu'V from aqueous
nitric acid to organic media using hydrophobic tributylphosphate as extractant, followed by
stoichiometric reductants for subsequent U and Pu separation.'? Overall, the release of
captured uranyl from either seawater or nuclear fuel reprocessing efforts is typically
difficult, expensive, and/or destructive to the initial material*'? and its controlled release
may be of critical importance to the long-term viability and safety of the nuclear energy
sector. Here we show how harnessing the redox-switchable chelating and donating
properties of an ortho-substituted closo-carborane, 1,2-(PhoPO),-1,2-C2B1gH10, cluster
molecule can lead to the controlled chemical or electrochemical capture and release of
UO2?* in monophasic (organic) or biphasic (organic/aqueous) solvent systems. This
controlled redox-switchable chelation/donation of carborane may offer a fundamentally new

approach to U management.

5.2 Results and Discussion
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Known for over 50 years, carboranes have been extensively studied in coordination
chemistry (including with U), catalysis, luminescence, and energy storage applications.014-
23 Studies have shown that reduction of substituted closo-carboranes to the nido-carboranes
results in rupture of the C—C bond and cage opening with a simultaneous increase in ligand
bite angle, 6 (Figure 5.1a; closo and nido refer to 2n + 2 and 2n + 4 framework bonding
electrons, respectively, where n is the number of vertices (in this case = 12); X = alkyl,
phenyl, or donating group).162224-27 We rationalized that by incorporating donating X groups
— specifically diphenylphosphine oxide (X = PhPO) — we could tune the chelating
properties of the cluster switching from opened to closed conformations by redox-control of
the reduced and oxidized states, respectively, and allowing for the chemical and

electrochemical capture and release of uranyl in solution (Figure 1b-c).
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Figure 5.1. a, Depiction of a general cage “closed” closo-carborane and reduced cage

Monophasic chemical capture and release of uranyl from UO2ClL> (L = THF, PhsPO
(TPO)) using 5.1 under reductive (CoCp™2) or 5.4 under oxidative ([FeCp2][PFs]) conditions,
respectively. ¢, Mono- or biphasic electrochemical capture and release of UO2XzL> utilizing
5.1 (the product 5.1 is shown for simplicity, but varies depending on the conditions

described herein). Experimental details are described in below and in Experimental

alkyl, phenyl, or Ph2PO). b,



Considerations. b-c, Blue pathway represents UO2?* capture; red pathway represents UO?*

release.

The disubstituted closo-carborane, 1,2-(Ph2PO),-1,2-C2B1oH10 (5.1), was synthesized and
fully characterized, including by single crystal X-ray diffraction (XRD) studies (Figures
5.1c, 5.2a).%8 The cage C—C bond length (1.688(4) A) and interatomic P---P distance (3.537
A) are consistent with similar previously reported compounds.?82% We will use these metrics
throughout to correlate coordinated and uncoordinated carboranes, both in lieu of, yet
proportional to the traditional bite angle, 6 (Figure 5.1a). Electrochemical analysis of 5.1 in
tetrahydrofuran (THF) revealed two quasi-reversible cathodic waves at -0.93 V and -1.11 V
relative to the ferrocene/ferrocenium (Fc/Fc*) redox couple. Chemical reduction of 5.1 using
2.0 equivalents of decamethylcobaltocene (CoCp™) in benzene afforded the direduced nido-
carborane, [CoCp™2]z[(nido-1,2-(Ph2PO)2-1,2-C2B1oH10)] (5.2a), in 95% isolated yield
(Figure 5.1b). The diamagnetic compound revealed four new B NMR signals, a downfield
shifted 3P resonance, and shifted *H resonances, in addition to a new peak at 1.62 ppm for
[CoCp™2]*, in comparison to 5.1. Single crystals of 5.2a suitable for XRD studies were
grown by vapor diffusion of diethyl ether into a concentrated solution of 5.2a in acetonitrile
(MeCN) at -38 °C. The solid-state molecular structure revealed an open-cage nido-carborane
conformation (Figure 5.1a) with a cleaved C-C bond (2.860 A) and an elongated P--P
distance (5.036 A) relative to 5.1 (Figures 5.1b, 5.2b). We note that an analogous salt,
[BusN]2[(nido-1,2-(Ph2PO)2-1,2-C2B1oH10)] (5.2b) (Figure 5.1b), was also synthesized by
initial reduction of 5.1 with K graphite (KCs), followed by salt metathesis with [BusN][CI].
Compound 5.2b was fully characterized (with the exception of XRD analysis) and is

relevant to the electrochemical experiments described below.
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We next investigated the coordination chemistry of 5.1 and 5.2a to the UO2?* cation. We
found that addition of four equivalents of 5.1 to dimeric [UO2Cl2(THF)2]2 in deuterated
dichloromethane (DCM-d2) resulted in a light-yellow solution from which two new
equivalent-intensity, uncoupled 3!P resonances appeared at 38.8 and 38.4 ppm in the 3P
NMR spectrum downfield shifted from 5.1 (22.8 ppm). The inequivalent P environments
suggests that either 5.1 is mono-dentate, or that the two ligands occupy four of five
equatorial sites in a pentagonal bipyramidal coordination environment at U, with one
chloride occupying the fifth site and the other being outer sphere. While repeated attempts to
obtain single crystals suitable for XRD studies failed, the NMR data suggests a 2:1 adduct is
formed through displacement of THF to form a complex with a presumed monomeric
formulation of UO,Cl>(5.1)2. In contrast to 5.1, treatment of two equivalents of 5.2a to one
equivalent of [UO2CI2(THF)2]2 in MeCN led to the clean formation of a single new
resonance at 51.1 ppm in the 3P NMR spectrum, suggesting a bidentate coordination mode
for 5.2a and clean displacement of the THF molecules. Single crystals suitable for XRD
studies were grown by vapor diffusion of diethyl ether into a saturated solution of the
product in MeCN and confirmed the composition as the salt, [CoCp™2]2[UO2Clz(nido-1,2-
(Ph2P0O)2-1,2-C2B10H10)] (5.2) (Figures 5.1b, 5.2¢). The structure revealed a chelating nido-
carborane ligand (from 5.2a) binding through its O atoms to U, and trans-disposed to the Cl
atoms in the equatorial plane, resulting in a C» rotational axis bisecting the CI-U—CI bonds.
The C--C (2.855 A) and P---P distances (4.697 A) are slightly contracted relative to 5.2a,
and result in a 01-U-02 bite angle of 86.5(3)° (Figure 5.2c). The bidentate ligand 5.2a was
further capable of displacing the chloride ions at [UO2Clx(THF)2]2. Addition of four
equivalents of 5.2a to an equivalent of [UO2Cl2(THF).]2 in MeCN resulted in the isolation

of a yellow solid in 80% yield. Monitoring the reaction by 3P NMR spectroscopy revealed
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the clean conversion to a new product characterized by a single peak at 52.0 ppm. Single
crystals suitable for XRD studies were grown from a concentrated MeCN solution and
revealed the composition as the disubstituted complex, [CoCp*2]2[UOz(nido-1,2-(Ph2PO),-
1,2-C2B10H10)2] (5.4) (Figures 5.1c, 5.2d). The C--C (2.857 A) and P--P distances (4.806
A), and resulting O1-U-02 bite angles of 89.7(17)° are similar to the values observed in

5.3.

Figure 5.2. a-d, Solid-state molecular structures of 5.1 (a), 5.2a (b), 5.3 (c), and 5.4 (d)
obtained from XRD studies. H atoms (5.1-5.4), [CoCp™]* counter cations (5.2a-5.4), phenyl

C—H linkages (5.3-5.4), and all co-crystallized solvent molecules are omitted for clarity. e,

172



Electron density surfaces with colour-coded electrostatic potentials obtained from density
functional theory (DFT) calculations using optimized structures of 5.1 and the anion of 5.2a,

labelled 5.2 (red, negative values are indicative of higher electron density).

While both 5.1 and 5.2a demonstrate an ability to coordinate to UO2?*, we postulated that a
third ligand with a competitive binding affinity to 5.1, but weaker than 5.2a, could enable a
pathway to UO2?* release. We devised a series of competition experiments using 5.1, 5.2a,
and triphenylphosphine oxide (PhsPO, TPO) as part of the known complex,
UOCl(TPO)2.2° The experiments were monitored by 3!P{*H} NMR spectroscopy and
performed in DCM-d,. Two equivalents of 5.1 were added to an equivalent of
UOCI2(TPO): for a resulting 1:1 molar ratio of 5.1: TPO. After an equilibration period of 18
hours, the 3P{*H} NMR spectrum revealed broadened resonances for UO2Clz(TPO); and
free TPO, as well as a set of sharp resonances for the proposed complex UO.Cl;(5.1), and
free 5.1. The ratio of UO2Cl2(5.1)2:5.1 was determined to be approximately 1:3 suggesting
an equilibrium favouring the adduct, UO2Cl2(TPO)., in DCM. The binding affinity of TPO
was next compared to 5.2a by addition of one equivalent of 5.2a to UO2Cl2(TPO), in DCM.
Rapid precipitation of products was observed. The 3P{'H} NMR spectrum of the DCM
supernatant revealed clean and full conversion of the starting material, UO.Cl>(TPO),, to the
products 5.3 and 5.4, along with a sharp singlet for TPO, as well as a minor singlet at 47
ppm, the identity of which remains unknown. Analysis of the precipitate dissolved in
propylene carbonate (PC) by 3P{*H} NMR spectroscopy revealed the clean formation of
5.4. In contrast to the experiments with 5.1, these data are consistent with full dissociation of
TPO from UO2CI>(TPO): in the presence of 5.2a, with no apparent equilibrium generated

(Figure 5.1b-c). The binding affinity of TPO was next tested against PC, a coordinating

173



solvent which could potentially coordinate to U.3' An initial 3'P{*H} NMR spectrum of
UO2CI2(TPO). dissolved in DCM-d> revealed two singlets in an approximate 3:1 ratio at
48.09 and 47.97 ppm, respectively, likely arising from the trans:cis isomerism of this
species.®?> While addition of two equivalents of PC to UO.Clx(TPO), led to negligible
changes as observed by 'H and 3!P{*H} NMR spectroscopy, addition of 20 and 40
equivalents led to broadening of the aromatic peaks in the *H spectra, as well as broadening
of the singlets in the 2'P{*H} spectra. Broadening was measured as the full width at half
maximum frequency difference (Avewnm) Where values of 19 and 43 Hz were respectively
observed for the trans isomer relative to 2.7 Hz for the starting material, UO,CIl>(TPO)..
Together, these data suggest that there is an equilibrium with PC but that it is heavily shifted
towards UO2Cl>(TPO).. Lastly, to further support these observations, we enlisted the help of
our collaborator, Dr. Roman Dobrovetsky from Tel Aviv University who performed DFT
calculations using the B3LYP/def2-SVP level of theory (see Experimental). Electron density
surfaces with integrated electrostatic potentials were calculated for 5.1 and 5.2a and clearly
indicate increased electron density at the terminal P=O bonds of 5.2a upon reduction,
accounting for its experimentally observed increased Lewis basicity (Figure 5.2e). This
increased basicity is likely complementary to the increased bite angle (Figure 5.1a) in
rendering 5.2a a stronger chelating agent than 5.1. In silico isodesmic reactions of
5.2a/TPO, TPO/5.1, or 5.1/PC with proton as a model for the uranyl cation were next
calculated at the same level of theory in DCM using a conductor-like polarizable continuum
model. These results reveal that 5.2a is several orders of magnitude more basic than TPO,
and that 5.1 is several orders of magnitude more basic that PC. In contrast, TPO and 5.1 do

not display such large differences, but nonetheless indicate a substantially more basic TPO
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than 5.1. Collectively, the competition reactions and DFT calculations support a relative
Lewis basicity trend of: 5.2a >> TPO > 5.1 >> PC.

With these results in hand, we next investigated the in situ chemical capture and release of
UO2?*. To maintain optimal solubility for all compounds (5.1-5.4), we utilized a 3:1
PC:benzene solvent mixture. An initial 2:4 solution of 5.1: TPO was prepared and analysed
by 3P{*H} NMR spectroscopy which revealed the expected two sharp resonances with
equivalent integration values. Addition of half an equivalent of [UO2Clx(THF):]2
(corresponding to one equivalent of U) resulted in no appreciable change to the resonance
for 5.1, but did result in significant broadening of the resonance for TPO (Avrwnm values for
TPO are 2.4 Hz and 52 Hz before and after addition, respectively). Interestingly, only trace
amounts of UO>CIx(TPQO), are observed in this spectrum which is likely due to a
combination of the rapid exchange with excess free TPO and the large excess (~2000 fold)
of PC used relative to U. To initiate chemical capture of UO2%* with 5.1, four equivalents of
CoCp*, were added to the solution. Analysis of the reaction mixture by 3P{*H} NMR
spectroscopy revealed the rapid and complete conversion of 5.1 to the captured product 5.4
with concomitant release of all TPO, as evidenced by the formation of a sharp singlet at 25.2
ppm that matches the initial integrated value prior to [UO2Cl>(THF).]. addition. To initiate
the subsequent UO,?* release by cage-closing of the carborane (Figure 5.1a), we determined
the oxidation potential of isolated 5.4 by CV, which revealed a quasi-reversible anodic event
at -0.42 V relative to the Fc/Fc* redox couple. Thus, we exposed our in situ generated
solution of 5.4 and TPO to four equivalents of the [Fc][PFe] oxidant. Analysis of the
reaction mixture by 3'P{*H} NMR spectroscopy revealed the full conversion of 5.4 back to

5.1 along with the re-appearance of a broadened TPO resonance, similar to that of the pre-
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reduced solution. Together, these results demonstrate the successful chemical capture and
release of UO»?* in solution.

We next probed cycling the capture and release of UO2?* electrochemically by galvanostatic
bulk electrolysis (GBE). These experiments were conducted using a divided H-cell with two
high-surface area coiled Pt electrodes, an anion exchange membrane (AEM) separating the
two compartments, and an excess of the Fc/Fc* redox couple acting as a Faradaic buffer in
the counter compartment (Figure 5.3a). The mixed solvent PC:benzene (3:1) system was
again used along with an initial 0.5:5:6 ratio of [UO2Cl2(THF)2]2:5.1:TPO reagents and an
internal standard for 3P NMR integration. While the use of excess TPO is well reasoned
(vide supra), the use of excess 5.1 relative to U was found to be necessary for optimal
electrochemical performance (see Experimental). An initial 3:P{*H} NMR spectrum of the
solution revealed a sharp signal for 5.1 and a broadened signal for TPO, analogous to those
observed for the chemical capture/release experiments (Figure 5.3b, Initial). To initiate the
electrochemical capture of UO2?*, the solution was galvanostatically charged with an applied
current of -201.0 pA over 6 hours, achieving a 75% theoretical state of charge (SOC)
relative to the UO,?* concentration (Figure 5.3c, blue). Analysis of the reaction mixture by
31pLIH} NMR spectroscopy revealed the conversion of 5.1 to the captured products 5.3 and
5.4 with release of all TPO, as determined by matching its signal intensity with the initial
integrated stoichiometry prior to [UO2Cl2(THF)2]. addition (Figure 5.3b, cycle 1 (blue)). In
order to initiate the electrochemical release of UO,?*, a galvanostatic current of 68.9 uA was
applied over 13 hours (Figure 5.3c, red), discharging the cell to a final SOC of 15% (SOC
extrema of 0 and 100% were not used in order to allow for reasonably fast charge/discharge
rates without potentially shifting into regimes where unwanted secondary electrochemical

processes could occur).3® Analysis of the reaction mixture by 3P{'H} NMR spectroscopy
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revealed the full conversion of 5.3 and 5.4 back to 5.1, along with the presence of a
broadened TPO resonance (Figure 5.3b, cycle 1 (red)). The electrochemical capture and
release by GBE were carried out over the course of another five full cycles (Figure 5.3c),
with analyses of the reaction mixtures by 3P{*H} NMR spectroscopy after each charge and
discharge cycle (Figure 5.3b). We observed that repeated cycling resulted in a loss of
electrochemically generated 5.3, which we attribute to chloride migration to the counter
compartment over time across the AEM. The gradual appearance of a minor unknown
product with a 3'P{*H} resonance at 45 ppm was also observed after each charge cycle. Full
integration of all products after each charge cycle revealed little change in excess TPO
(average loss of 0.3%/cycle) but slightly higher losses in reduced product 5.4 (average loss
of 3.4%lcycle) and in excess ligand 5.1 (average loss of 7.2%/cycle) which may be
attributed to electrochemical side reactions.®*% Lastly, analysis of measured instrumental
charge transferred relative to total charge transferred for UO2?* capture (determined by
31p{1H} NMR product integration) reveals a plateauing trend over increasing cycle number
with differences in charge attributed to Faradaic losses (Figure 5.3c, top). Together, these
results demonstrate the successful monophasic electrochemical capture and release of

U0,2*,
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Figure 5.3. Electrochemical setup and quantification data for the capture (blue) and release
(red) of UO2?* in solution. a, Depiction of the H-cell used incorporating excess Fc/Fc* as
Faradaic buffer (left) and 5.1, TPO, and [UO2CI>(THF)2]> (right) in a 3:1 PC:benzene
solvent mixture. Charging the cell (blue) leads to the capture of UO2?* converting 5.1 to 5.4
(major product) and 5.3 (minor product, not shown). b, Quantification of products and
reactants by 3P{*H} NMR spectroscopy against an inert internal standard,
[PhsPNPPhs][PFs] (not shown). The initial spectrum is shown in grey, while dis/charge
cycles are shown in blue (charged spectra) and red (discharged spectra). ¢, Bottom: applied
galvanostatic potentials for charge (blue) and discharge (red) cycles. Dashed lines represent
wait periods necessary for 3'P{*H} NMR data acquisition. Each cycle is 24 hours. Top:
instrumental measure of delivered charge (teal) versus charge used for reduction of 5.1
measured by quantification of total reduced products, 5.3 and 5.4, by 3P NMR

spectroscopy. Additional experimental details and figures are found in Experimental.

To further demonstrate the potential applicability of our approach, we explored a biphasic
extraction scheme involving dissolved UO2%* (from UO2(NOs)2(THF)2) in the aqueous
phase and 5.1 in the organic phase, similar to the PUREX process (Figure 5.4a).22 Due to the
high solubility of PC in water, we switched the organic solvent to 1,2-dichloroethane (DCE).
The biphasic capture and release of UO»?* was simultaneously monitored by 3P{*H} NMR
spectroscopy for the DCE layer, to monitor the carborane transformations
(5.1-5.2b—5.3/5.4), and by ultraviolet-visible absorption (UV/Vis) spectroscopy for the
aqueous layer, to monitor and quantify the ligand-to-metal charge transfer (LMCT)
absorption of UO2?* centered at 425 nm (Figure 5.4a).%6-3% We note here that this vibronic

LMCT absorption is pH-dependent, meaning that the extinction coefficient varies with pHZ¢;
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therefore, we used a buffered solution of UO2%* below to minimize this potential variability.
Due to the incompatibility of DCE with the AEM, we modified our H-cell design for the
GBE experiments to instead include a physical glass frit separator coupled with a
heterogeneous carbon additive acting as a capacitive buffer, analogous to a previous
report.3® Figure 5.4 outlines the simplified experimental setup displaying only half of the H-
cell (see the Experimental for full cell design and methodology). A DCE solution of 5.1 (1.0
equivalent) with [BusN][PFs] as supporting electrolyte was galvanostatically charged with
an applied current of -107.1 uA over 24 hours, achieving a ~ 75% theoretical SOC. Analysis
of the solution by 3P{*H} NMR spectroscopy revealed the clean conversion of most of 5.1
to 5.2b (Figure 5.4a). A sodium acetate (NaOAc)-buffered (pH = 5.4) water solution
containing 1.25 equivalents of UO2(NOz3)2(THF)2 (Figure 5.4a) was next added to the DCE
layer with mixing for 2 hours. Approximately 0.9 equivalent of UO2?* was captured from
the aqueous phase as evidenced by comparing the before and after UV/Vis spectra (Figure.
5.4a-4b). Analysis of the DCE solution by 3!P{*H} NMR spectroscopy revealed the clean
formation of a single resonance at 51.5 ppm (Figure 5.4b). Given the similar chemical shifts
of isolated complexes 5.3 (51.1 ppm) and 5.4 (52.0 ppm) in DCM, as well as the quantity of
UO2?* captured (0.9 equivalent), we propose that the captured complex is likely a mono-
ligated uranyl complex, UO2X>(5.2b) (termed 5.3N; X = NOs™ and/or OAC’), a derivative of
5.3 (Figure 5.1b); however, we cannot definitively exclude the possibility of a bis-ligated
uranyl complex (termed 5.4N, a derivative of 5.4 (Figure 5.1c)) being formed as well. The
aqueous phase was next removed and the cell was galvanostatically discharged to achieve a
theoretical final SOC of ~ 0%. Addition of a fresh NaOAc-buffered solution (pH = 5.4) and
mixing for 12 hours led to the release of approximately 0.5 equivalent of UO2?* from the

DCE layer to the aqueous layer as confirmed by UV/Vis spectroscopy (Figure 5.4c).
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Analysis of the DCE layer by 3'P{*H} NMR spectroscopy revealed the near quantitative
conversion to 5.1, as well as the formation of minor (~20%) unknown byproducts (Figure
5.4c).4 We propose that the acetate ions likely act as the biphasic ligand analog to the
monophasic TPO ligands by competitively binding with 5.1 to UO2?*. Similarly, control
experiments revealed that negligible biphasic capture of UO2%* from the NaOAc buffered
aqueous phase occurred in the presence or absence of 5.1 (see Experimental). Together,
these biphasic GBE experiments demonstrate the potential applicability of this redox-

switchable capture and release chemistry under real-world conditions.
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Figure 5.4. Simplified half H-cell depiction of the biphasic electrochemical capture and
release of dissolved UO2X> from and to buffered aqueous solutions, respectively, using the
initially reduced nido-carborane, 5.2b in DCE. UO2Xz is simplified as the yellow sphere
“U” and the identity of X may be any combination of OAc", NOs", or other depending on the

step in the process. a, Depiction of the biphasic mixture of UO2X> dissolved in a NaOAc-
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buffered aqueous solution (pH = 5.4) and of electrochemically generated 5.2b from 5.1.
Inset are the aqueous UV/Vis and organic 3'P{*H} NMR spectra after reduction of 5.1 to
5.2b, but prior to the phases mixing. Residual 5.1 is observed in the latter due to the set
SOC. b, Depiction of the captured UO2Xz in the form of 5.3N and/or 5.4N, analogs of 5.3
(with variable X groups) and 5.4, respectively. Inset top is the aqueous UV/Vis spectrum
showing the capture of UO2X> by the 5.2b/DCE layer. Inset bottom is the corresponding
3Ip{'H} NMR spectrum of the DCE layer showing the captured major products
(5.3N/5.4N), as well as minor residual 5.1. ¢, Depiction of the biphasic release of UO2X;
from the DCE layer to a fresh NaOAc-buffered solution (pH = 5.4) following
electrochemical oxidation of 5.3N/5.4N. Inset are the aqueous UV/Vis and organic 3!P{*H}
NMR spectra of free UO2X> and 5.1, respectively, both consistent with the release of
captured UO2X; from the DCE to the aqueous phase. A small amount (~20%) of unknown

byproducts (*) is also observed in the 3!P{*H} NMR spectrum.

5.3 Summary

In summary, this report has outlined a new approach to uranyl management involving its
capture and, importantly, its release by controlled redox-switchable chelation using a
derivatized ortho-carborane in monophasic or biphasic (organic/aqueous) environments. We
anticipate this fundamentally new direction in cluster carborane chemistry may have a
significant impact on nuclear fuel extraction and waste sequestration activities, and may

spawn new research directions in related metal capture and release activities.

5.4 Experimental

5.4.1 Considerations
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All manipulations were performed under an atmosphere of dry, oxygen-free N2 or Ar by
means of standard Schlenk or glovebox techniques (MBraun (equipped with a -38 °C
freezer) or VAC gloveboxes). Hexanes, pentane, dichloromethane (DCM), and benzene
were dried on an MBraun solvent purification system. Acetonitrile (—Hz and —D3) was dried
over CaH; for several days prior to distillation. THF was dried over sodium benzophenone
and distilled. Propylene carbonate (PC) was degassed by freeze-pump-thaw and stored on
activated 4 A molecular sieves prior to use. 1,2-Dichloroethane (DCE) was initially distilled
followed by drying over CaH> for several days prior to a second distillation and subsequent
storage on activated 4 A molecular sieves. [FeCpz][PFs], [BusN][CI], and
triphenylphosphine oxide (TPO) were purchased from Fisher Scientific, trimesitylphosphine
(MessP) was purchased from VWR International, nBuLi (1.6 M in hexanes) was purchased
from Aldrich, and all were used without further purification. Ortho-carborane was purchased
from Boron Specialties and sublimed before use. PhoPCl was purchased from Aldrich and
vacuumed distilled prior to use. Decamethylcobaltocene (CoCp”;) was purchased from
Aldrich and purified by filtration through Celite using pentane, followed by recrystallization
from pentane at -38 °C over several days. [BusN][PFe] was purchased from Oakwood
Chemicals and purified by twice recrystallizing from hot ethanol. The recrystallized product
was then washed with cold water, cold ethanol, and pentane prior to drying at 100 °C under
vacuum for 24 h. Sodium acetate (NaOAc) buffer was prepared from a stock solution
purchased from Aldrich (pH 4.9) and adjusted to pH 5.4 using NaOH. The pH value was
confirmed using a pH meter. Ketjenblack® EC-600JD (KB) was purchased from a private
supplier. UOCl(TPO)*, [UO2CI(THF)2]2%, KCs®, and  bis(triphenyl-
phosphoranylidene)ammonium hexafluorophosphate ([PhsPNPPhs][PFs])** were prepared

by literature procedures.
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NMR spectra were obtained on a Varian Unity Inova 500 MHz or Agilent Technologies 400
MHz spectrometer, and referenced to residual solvent resonances of acetonitrile (MeCN-d3)
or dichloromethane (DCM-d;), or externally (1B: 85% (Et.0)BFs, 3P: 85% H3POs4,).
Chemical shifts (8) are recorded in ppm. All B NMR spectra were processed using
MestReNova software in order to reduce background signal with a linewidth of
approximately 3000 Hz from the Pyrex NMR tubes. The NMR time-domain data were first
left-shifted to discard the first ~0.1 ms. To correct the linear phase change, linear prediction
(LP) is used to fill the initial discarded data before Fourier transform or an appropriate linear
phase correction is applied to the frequency domain data after Fourier transform. T
relaxation values for 3P nuclei were determined using the inversion-recovery method. The
delay times after the 180-degree inversion pulse were varied up to the maximum of 5 times
of the expected T1 values. The signal recovery curve was fit with an exponential function to
extract the Ty values. Subsequent 1D spectra were acquired with 5 times the longest T1 value
measured for accurate integrations.

UV/Vis absorption spectra were collected on a Shimadzu UV-2401PC spectrophotometer.
The UO2?* extinction coefficient (¢) was experimentally determined to be 7.715 Lemol-tecm
1 (460 nm) at pH 5.4.

Elemental analyses (C, N, H) were recorded at the University of California, Berkeley using
a Perkin EImer 2400 Series 1l combustion analyser.

Cyclic Voltammetry was performed on a CH Instruments Electrochemical Analysis
potentiostat, equipped with a 3 mm diameter glassy carbon working electrode, a Ag wire
pseudo-reference electrode, and a Pt wire counter electrode using a [BusN][PFs] (0.1 M)
solution as supporting electrolyte. CVs were referenced to the ferrocene/ferrocenium

(Fc/Fc*) redox couple.
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Galvanostatic Bulk Electrolysis cycling experiments were carried out using a Metrohm
Autolab PGSTAT128N potentiostat/galvanostat and carried out inside an Ar glovebox. The
full experimental setup for both the mono- and biphasic cycling experiments is described in
sections 5.4.4-5.4.5.

X-ray crystallography data was collected on a Bruker KAPPA APEX Il diffractometer
equipped with an APEX Il CCD detector using a TRIUMPH monochromator with a Mo Ka
X-ray source (oo = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system.
A hemisphere of data was collected using ® scans with 0.5° frame widths. Data collection
and cell parameter determination were conducted using the SMART program. Integration of
the data frames and final cell parameter refinement were performed using SAINT software.
Absorption correction of the data was carried out using SADABS. Structure determination
was done using direct or Patterson methods and difference Fourier techniques. All hydrogen
atom positions were idealized and rode on the atom of attachment. Structure solution,
refinement, graphics, and creation of publication materials were performed using SHELXTL

or OLEX?.

5.4.2 Syntheses

Synthesis of closo-(1,2-(Ph2PO)2-1,2-C2B10H10) (5.1):

The synthesis of compound 5.1 was accomplished in two steps by modifications to literature
procedures.*>46

Step 1.

A solution of nBuLi in hexane (1.6 M, 28.2 mL, 45 mmol) was added at -78 °C dropwise to

a solution of ortho-carborane (3.1 g, 21.5 mmol) in dry diethyl ether (250 mL), resulting in
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the formation of a fine colourless precipitate. The reaction was slowly warmed to room
temperature, and after stirring for 30 mins at room temperature, the mixture was cooled to 0
°C and Ph2PCI (7.7 mL, 41.7 mmol) was added dropwise, resulting in a pale orange solution
with a colourless precipitate. The mixture was stirred for 30 mins at 0 °C. The solution was
brought to room temperature and stirred for 30 mins and was subsequently warmed to reflux
and stirred for an additional 30 mins. The solution was cooled to 0 °C and water (30 mL)
was slowly added to the mixture. The mixture was allowed to stir for 20 mins and was
filtered over a glass frit, where the resulting solid was washed with additional water (30 mL)
and diethyl ether (20 mL). The solid was dried under vacuum at 100 °C for 2 h. The product
was recrystallized from a mixture of hexane/toluene and was obtained in 81% yield (8.6 g,
16.7 mmol.) *H NMR (400 MHz, CDCls): & 7.06-7.47 (m, 20H); 0.98-2.66 (broad, 10H).
1B NMR (400 MHz, CDCls): § -0.40; -9.42. “B{*H} NMR (400 MHz, CDCl3): & -0.40;
-7.21; -9.42. 3P{*H} NMR (400 MHz, CDCl3): & 7.88.

Step 2:

A solution of H202 (30% in water, 1.8 mL, 58.7 mmol) was added dropwise to a solution of
[closo-(1,2-(Ph2P).-1,2-C2B10H10)] (from step 1) (2.1 g, 4.1 mmol) in THF (50 mL). The
reaction was stirred for 3 h at room temperature. The reaction was monitored by 3P NMR
for formation of an unwanted side-product at 49 ppm. Once this product formed, the
reaction was discontinued by addition of chloroform. The mixture was washed with water
and brine, the phases separated and the organic layer dried with Na>SO4. The solvent was
removed, and the solid was slowly recrystallized from acetonitrile to yield a colourless
crystalline solid. The solid was dried under vacuum at 80 °C for several hours. (1.4 g, 2.6
mmol, 60% yield). Single crystals suitable for X-ray crystallography were obtained by vapor

diffusion of pentane in a saturated THF solution of 5.1. 'H NMR (400 MHz, MeCN-ds): &
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7.99 (m, 8H); 7.63 (m, 4H); 7.54 (m, 8H); 2.5 (broad s, 10H). 1'B and "'B{*H} NMR (400
MHZ, MeCN-ds): & 0.66; -8.75. 3'P{*H} NMR (400 MHz, MeCN-d3): § 22.8. Anal. Calcd.
for C26H30B1002P2: C, 57.35; H, 5.55. Found: C, 57.33; H, 5.66.

Synthesis of UO2Cl2(5.1)2:

A 20 mL vial equipped with a magnetic stirbar was charged with 5.1 (54.4 mg, 0.1 mmol)
and 2 mL of DCM. In a separate vial, [UO2CI2(THF)2]> (24.2 mg, 0.025 mmol) was
dissolved in 2 mL of DCM and added to the stirring solution of 5.1, resulting in the
formation of a light-yellow suspension. After 1 h, the reaction mixture became
homogeneous. This was stirred for an additional 24 h at room temperature. The solvent was
removed, yielding a yellow solid (62.5 mg). Multiple attempts were made to obtain single
crystals suitable for XRD studies, but failed. *H NMR (400 MHz, DCM-d>): & 8.32-6.29 (m,
20H); 2.5 (broad s, 10H). !B and “B{*H} NMR (400 MHz, DCM-d2): & 5.84; -8.46.
3Ip{'H} NMR (400 MHz, DCM-d;): & 38.8 (s); 38.4 (s). Anal. Calcd. for
Cs2HeoB20Cl206P4U1/2CHCly: C, 43.05; H, 4.16. Found: C, 42.76; H, 4.32.

Synthesis of [CoCp™2]2[(nido-1,2-(Ph2PO)2-1,2-C2B10H10)] (5.2a):

A 20 mL vial equipped with a magnetic stirbar was charged with 5.1 (54.4 mg, 0.1 mmol)
and 6 mL of benzene. In a separate vial, CoCp™, (69.1 mg, 0.2 mmol, 2.0 equiv) was
dissolved in 4 mL of benzene and added dropwise to the stirring solution of 5.1. Upon
addition, a yellow solid immediately precipitated from the reaction mixture and the mixture
was stirred for an additional 4 h at room temperature. Stirring was discontinued and the solid
was allowed to settle to the bottom of the vial. The supernatant was decanted and filtered on
a plug of Celite. The solids were washed with benzene (3 x 6 mL) and each washing was
filtered over the same Celite plug. The remaining solids were then dissolved in a minimal

amount of MeCN (2 mL) and filtered on the same Celite plug into a new vial. The MeCN
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filtrate was collected and the volatiles were removed in vacuo, yielding a shiny golden-
yellow solid (114.3 mg, 0.95 mmol, 95% vyield). Single crystals suitable for X-ray
crystallography were obtained by vapor diffusion of Et.O in a saturated MeCN solution of
5.2a at -38 °C. *H NMR (400 MHz, MeCN-d3): & 8.05 (broad m, 8H); 7.24 (broad s, 12H);
1.62 (s, 60H). Note: Carborane B—H resonances are too broad to be observed. B and
11B{1H} NMR (400 MHZ, MeCN-ds): § 20.24; -0.62; -18.46; -22.06. 31P{*H} NMR (400
MHz, MeCN-dz): 6 29.8. Anal. Calcd. for CesHooB10C0202P2: C, 65.88; H, 7.54. Found: C,
65.57; H, 7.67.

Synthesis of [BusN]z[(nido-1,2-(Ph2PO)2-1,2-C2B10H10)] (5.2b):

The synthesis of compound 5.2b was accomplished in two steps.

Step 1.

In the glovebox, a 250 mL round bottom equipped with a magnetic stirbar was charged with
5.1 (272.2 mg, 0.5 mmol), 20 mL of THF, and cooled to -78 °C. In a separate vial, KCg
(182.4 mg, 1.35 mmol, 2.7 equiv) was suspended in 20 mL of THF and added slowly
dropwise to the stirring solution of 5.1. Upon addition, the KCg suspension began to turn
grey in colour and was stirred for 30 mins at room temperature. Stirring was discontinued
and the mixture was filtered over a pad of Celite on a fine glass frit. The graphite pad was
washed additionally with MeCN (3 x 5 mL). The filtrate was collected and the volatiles
were removed in vacuo, yielding a pale-yellow oil. The oil was redissolved in THF (5 mL)
and layered with 5 mL of pentane and was recrystallized at -38 °C, yielding a white solid
(234.1 mg, 0.38 mmol, 75% yield). *H NMR (400 MHz, MeCN-ds): & 7.81 (broad m, 8H);
7.28 (broad m, 12H). Note: Carborane B—H resonances are too broad to be observed. 'B

NMR (400 MHZ, MeCN-ds): & 20.24; -0.62; -18.46; -22.06. *'P{*"H} NMR (400 MHz,
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MeCN-dz): 6 31.8. Anal. Calcd. for CHz0B10K202P2eTHF: C, 51.86; H, 5.51. Found: C,
51.09; H, 5.47.

Step 2

A 20 mL vial equipped with a magnetic stirbar was charged with [K]2[(nido-1,2-(Ph2PO),-
1,2-C2B1oH10)*THF] (655.4 mg, 0.94 mmol) (Step 1), 15 mL of DCM, and was cooled to -
78 °C. In a separate vial, [BusN][CI] (528 mg, 1.88 mmol, 2.0 equiv) was dissolved in 10
mL of DCM and added dropwise to the stirring carborane suspension. Upon addition, the
reaction mixture became homogenous and after 1 h, a white precipitate began to crash out.
This mixture was stirred for 2 h at room temperature. Stirring was discontinued and all
volatiles were removed, yielding a pale yellow solid. A minimal amount of DCM (3 mL)
was added and the mixture was filtered on a plug of Celite. The solids were washed with
chilled DCM (3 x 2 mL) and each washing was filtered over the same Celite plug. The DCM
filtrate was collected and the volatiles were removed in vacuo, yielding a pale-yellow
residue which was triturated with pentane (10 mL) and dried in vacuo to yield an off-white
solid which was recrystallized from DCM and pentane (690.4 mg, 0.67 mmol, 71% vyield).
'H NMR (400 MHz, MeCN-ds): 6 8.03 (m, 8H); 7.25 (broad s, 12H); 3.08 (m, 16H); 1.59
(m, 16H); 1.35 (m, 16H); 0.96 (t, 24H). Note: Carborane B—H resonances are too broad to
be observed. B and 'B{*H} NMR (400 MHZ, MeCN-d3): & 20.25; -0.65; -18.42; -22.05.
$1p{1H} NMR (400 MHz, MeCN-ds): § 30.1. Anal. Calcd. for CsgH102B10N202P2: C, 67.67,
H, 9.99. Found: C, 66.81; H, 10.29.

Synthesis of [CoCp™2]2[UO2Clz(nido-1,2-(Ph2PO)2-1,2-C2B10H10)] (5.3):

A 20 mL vial equipped with a magnetic stirbar was charged with [UO2Cl>(THF).]. (16.9
mg, 0.018 mmol) and 4 mL of MeCN. In a separate vial, 5.2a (42.2 mg, 0.035 mmol) was

dissolved in 4 mL of MeCN and then added dropwise to the stirring solution of
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[UO2CI2(THF)2]2, turning dark yellow in colour. After stirring for 5 mins, a yellow solid
began to precipitate from the reaction mixture and this was stirred at room temperature for 4
h. Stirring was discontinued and the mixture was passed over a plug of Celite, collecting a
yellow solid and a yellow filtrate. The solvent was removed from the yellow filtrate yielding
a yellow solid which was washed with THF (3 x 2 mL) and passed over another plug of
Celite. The filtrate was collected and the volatiles were removed in vacuo, yielding a yellow
powder. Residual [CoCp™2][CI] was removed by selectively recrystallizing the mixture from
pyridine/Et,O at -38 °C. The supernatant was transferred and volatiles removed collecting a
yellow solid (36.3 mg, 0.024 mmol, 69% Yyield). Single crystals suitable for XRD studies
were grown by vapor diffusion of Et,O into a saturated MeCN solution of 5.3 at room
temperature. *H NMR (400 MHz, MeCN-ds): & 8.13 (m, 10H); 7.35 (m, 10H); 1.66 (s, 60H).
Note: Carborane B—H resonances are too broad to be observed. 1'B and 1'B{*H} NMR (400
MHZ, MeCN-d3): § 0.27; -16.90; -19.69. 31P{H} NMR (400 MHz, MeCN-d3): & 51.12.
Anal. Calcd. for CesHgoB10Cl2C0204P2U2MeCN: C, 51.70; H, 5.95; N, 1.72. Found: C,
51.91; H, 5.88; N, 1.74.

Synthesis of [CoCp™2]2[UOz2(nido-1,2-(Ph2P0O)2-1,2-C2B10H10)2] (5.4):

A 20 mL vial equipped with a magnetic stirbar was charged with 5.2a (26.6 mg, 0.022
mmol) and 1.5 mL of MeCN. In a separate vial, [UO2Cl2(THF)2]> (5.3 mg, 0.0055 mmol)
was dissolved in 1.5 mL of MeCN and then added dropwise to the stirring solution of 5.2a.
After stirring for 5 mins, a yellow solid began to precipitate from the reaction mixture and
this was stirred at room temperature for 24 h. Stirring was discontinued and the solid was
allowed to settle to the bottom of the vial. The supernatant was decanted and filtered on a
plug of Celite. The solids were washed with MeCN (3 x 2 mL) and each washing was

filtered over the same Celite plug. The remaining solids were then dissolved in a minimal
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amount of pyridine and filtered on the same Celite plug into a new vial. The pyridine filtrate
was collected and the volatiles removed in vacuo, yielding a light-yellow powder (35.5mg,
0.018 mmol, 80% vyield). Single crystals suitable for XRD analysis were grown from a
small-scale reaction in a J-young NMR tube which was charged with a solution of 5.2a (12.0
mg, 0.01 mmol) in MeCN-dz (0.25 mL). A solution of [UO2CI>(THF)2]2 (2.4 mg, 0.0025
mmol) in MeCN-dz (0.25 mL) was added to this whereupon crystals suitable for XRD
analysis slowly formed on the walls of the NMR tube. 'H NMR (400 MHz, MeCN-ds): &
8.13 (m, 15H); 7.38 (m, 10H); 7.24 (m, 15H); 1.68 (s, 60H). Note: Carborane B-H
resonances are too broad to be observed. B and *B{*H} NMR (400 MHZ, MeCN-d3): §
0.26; -17.15; -20.66. 3P{*H} NMR (400 MHz, MeCN-dz): & 52.0. Anal. Calcd. for

Co2H120B20C0206P4U: C, 54.76; H, 5.99. Found: C, 55.22; H, 6.36.

5.4.3 Chemical Capture and Release of UO2?*

Formation of in-situ generated [(UO2)(TPO)2Cl2]: A 20 mL vial equipped with a
magnetic stirbar was charged with 5.1 (2.0 equiv, 5.4 mg, 0.01 mmol), TPO (4.0 equiv, 5.6
mg, 0.02 mmol), and MessP (4.0 equiv, 7.7 mg, 0.02 mmol) and dissolved in a 3:1
PC:benzene (3 mL) solvent system. A 500 pL aliquot was taken from this mixture and
placed in an NMR tube equipped with a MeCN-ds capillary tube. A 3'P{*H} NMR spectrum
was collected and the relative integrations recorded. The NMR solution was returned to the
vial and [UO2CI>(THF).]2 (0.5 equiv, 2.4 mg, 0.0025 mmol) was added. The mixture was
stirred vigorously until all the solids were dissolved (~20 mins), resulting in a light-yellow
coloured solution. After 1 h, a 500 uL aliquot was taken from the reaction mixture and

placed in an NMR tube equipped with a MeCN-ds capillary tube. A 3!P{*H} NMR spectrum
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was obtained. After the spectrum was recorded, the NMR sample was transferred back into
the reaction mixture.

Reduction: To the solution generated above, CoCp™; (4.0 equiv, 6.6 mg, 0.02 mmol) in 100
uL of benzene was added to the solution dropwise. Upon addition, the solution turned
golden in colour and was stirred for 1 h at room temperature. A 500 uL aliquot was then
taken from the reaction mixture and placed in an NMR tube equipped with a MeCN-d3
capillary tube. A 3P{*H} NMR spectrum was obtained. After the spectrum was obtained,
the NMR solution was transferred back into the reaction mixture.

Oxidation: To the reduced solution above, [Fc][PFe] (4.0 equiv, 6.6 mg, 0.02 mmol) was
added. Upon addition, the solution turned green in colour, and then turned a golden colour.
This was stirred for 1 h at room temperature after which a 500 uL aliquot was taken from the
reaction mixture and placed in an NMR tube equipped with a MeCN-ds capillary tube. A
3Ip{IH} NMR spectrum was obtained. After the spectrum was obtained, the NMR sample

was transferred back into the reaction mixture.

5.4.4 Monophasic Electrochemical Capture and Release of UO2?*

Experimental Conditions: Galvanostatic bulk electrolysis experiments were carried out in

a divided glass H-cell (Figure 5.5).
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Figure 5.5. Schematic of the divided H-cell used for the monophasic galvanostatic bulk

electrolysis cycling experiments with UO2%*,

The physical barrier between each component of the cell, and the respective two Bio-Logic
high-surface coiled Pt electrodes, was an anion exchange membrane (Membranes
International, AMI-7001) held in place by two FEP-encapsulated silicon o-rings with a
metal clamp. The electrodes were cleaned by rinsing with distilled water and acetone and
then heating white-hot with a butane torch prior to use. The anion exchange membrane was
soaked in a 0.1 M [BusN][PFe] solution of PC/benzene (3:1) over 3 A molecular sieves for
24 hours prior to use. The left compartment, containing the counter electrode, consisted of
Fc (41.9 mg, 0.225 mmol) and [Fc][PFe] (74.5 mg, 0.225 mmol) in 7.0 mL of a 0.1 M
[BusN][PFe] PC:benzene solution. The right compartment, containing the working electrode,
contained 5.1 (5 equiv, 40.8 mg, 0.075 mmol), TPO (6 equiv, 25.0 mg, 0.09 mmol),

[UO2CI>(THF)2]2 (0.5 equiv, 7.3 mg, 0.0075 mmol of dimer (1.0 equiv of U monomer)), and
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[PhsPNPPhs][PFe] (1.0 equiv, 10.2 mg, 0.015 mmol) in a 0.1 M [BusN][PFs] PC:benzene
solution (7.0 mL).

Experimental Parameters: The cell was charged/discharged over the course of six cycles.
To initiate UO2?* capture, the first cycle was charged with an applied current of -201.0 pA
over the course of 6 h to a 75% state of charge (SOC) relative to the [UO2Cl2(THF)2]2
concentration. After the cell was charged, a wait period of 2 h was incorporated in between
charge/discharge cycling (Figure 5.3c, gray dashed). UO2?* release was achieved by
discharging the cell galvanostatically at an applied current of 68.94 uA over the course of 13
h, utilizing voltage cutoffs (0.0 V), to a final SOC of approximately 15% relative to the
initial JUO.CI>(THF)2]2 concentration. After each cell discharge, a wait period ranging
between 4-5 h was incorporated (depending on when the voltage cutoffs were applied) in
between discharging/charging cycles. Each additional cycle thereafter was charged and
discharged galvanostatically at currents of -160.87 uA and 68.94 pA, respectively. This
resulted in charging cycles from ~15 to ~75% SOC, and between ~75 to ~15% SOC,
respectively. Between each charge/discharge a 3*P{*H} NMR spectrum was obtained using a
40 s relaxation delay with [PhaPNPPhs][PFe] as the standard. We note that an excess of 5.1
was used to keep the applied current (lapp) below the limiting current at any given time (1i(t))
for the presumed EC mechanism involving reduction of 5.1 followed by uranyl ligation.
This allows the use of a galvanostatic charge/discharge procedure operating close to the
mass-transfer-controlled plateau (similar to potentiostatic methods) but with the added
benefit of not requiring prior knowledge of the optimal applied voltage, which will be a
function of both the onset of the reductive process and total cell impedance.*” Attempts at
GBE with stoichiometric equivalents of 5.1, revealed an earlier than expected onset of lapp >

li(t), clearly indicating that additional and unwanted electrochemical processes were being
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accessed, perhaps indicating an initial degradation of 5.1 within the system. Therefore, an

initial ratio of 0.5:6:8 for [UO2CI>(THF).]2:5.1: TPO reagents was utilized.

5.4.5 Biphasic Electrochemical Capture and Release of UO2?*

Experimental Conditions: A complete, stepwise, half-cell figure of the experiments
conducted in this section, along with spectroscopic data is shown in Figure 5.4. Two-
electrode galvanostatic bulk electrolysis was performed in an argon glovebox utilizing a two
compartment H-cell with a glass frit separator, a stir bar in each compartment, and
reticulated vitreous carbon (RVC) foam electrodes for both the working and counter
electrodes (Figure 5.6).

Counter Electrode Working Electrode
Port Port

| |
=

Glass Frit

|
I

| ee— | Y I | m—

Reticulated Vitreous
Carbon Foam (RVC)
Electrodes

Figure 5.6. Schematic of the two-compartment H-cell used for the biphasic electrochemical

capture and release of UO?".

The RVC foam electrodes consisted of a ~5 cm steel rod inserted into 100 PPl Duocel®

RVC foam core (length ~2.5 cm; diameter ~3 mm), with a tap bore (length ~5 mm; diameter
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~2 mm), which was filled with molten gallium to fuse the steel connector to the RVC foam.
Each electrode has an end-to-tip resistance of <5 Q. The RVC electrodes were rinsed with
methanol and dried under reduced pressure overnight prior to use. The Ketjenblack used was
dried for 48 h in a 175 °C oven and ground in a glass mortar and pestle under inert
atmosphere prior to use.

Reduction (charging): The counter compartment consisted of 400 mg of Ketjenblack
suspended in 6 mL of a 0.1 M solution of [BusN][PFe] in DCE. The working compartment
consisted of 5.1 (34 mg, 0.0625 mmol, 1.0 equiv) dissolved in 6 mL of a 0.1 M solution of
[BusN][PFe] in DCE. A charging current of -107.1 pA with a -9.25 C charge cutoff was
utilized, resulting in a ~ 75% SOC after 24 h assuming 100% columbic efficiency. Upon
completion, the working compartment solution was analysed by 3P{*H} NMR spectroscopy
to reveal the formation of 5.2b. The working compartment solution was then removed from
the H-cell and placed in a 20 mL vial for subsequent capture chemistry.

UO2%* capture: A 5 mL vial was charged with excess UO2(NO3)2(THF). (42 mg, 0.078
mmol, 1.25 equiv), and dissolved in 3 mL of a 0.1 M sodium acetate buffer adjusted to pH
5.4 (0.026 M UO2?*). An aliquot of the resulting pale-yellow solution was used to record an
initial UV-Vis spectrum. The aliquot was transferred back to the 5 mL vial and this solution
was added slowly dropwise without stirring to the DCE solution containing the
electrochemically reduced 5.1 (forming 5.2b). After addition, the mixture was allowed to
stir for 2 hours, resulting in a bright yellow organic phase and a very pale-yellow aqueous
phase. Stirring was discontinued and the organic and aqueous phases were separated using a
small separatory funnel. An aliquot of the aqueous phase was used to record a UV-Vis
spectrum, indicating that 0.022 mmol of UO2?* remained, which is equivalent to the capture

of 0.056 mmol (~0.9 equiv) to the organic phase. A 1 mL aliquot was taken from the pale
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yellow dichloroethane layer and transferred to an NMR tube. An unlocked 3'P{*H} NMR
spectrum was collected indicating the formation of 5.N/5.4N. The NMR solution was
returned to the 20 mL vial.

Oxidation (discharging): Two-electrode galvanostatic bulk electrolysis (discharging) of the
captured DCE solution was performed using the same cell utilized for charging. A
discharging current of 107.1 A was applied until 9.49 C of charge was transferred resulting
in a final SOC of ~ 0% (assuming 100% columbic efficiency and no loss of material during
the biphasic capture). Upon completion, the working compartment solution was removed
and placed in a 20 mL vial for subsequent release chemistry.

UO22* release: The 20 mL vial containing the electrochemically oxidized 5.3N/5.4N yellow
DCE solution was equipped with a stirbar and a solution of 0.1 M sodium acetate buffer
adjusted to pH 5.4 (3 mL) was added dropwise to it. The mixture was allowed to stir for 12
hours, resulting in a pale-yellow aqueous phase and a colourless organic layer. The organic
and aqueous phases were separated using a small separatory funnel, and an aliquot of the
aqueous layer was used to take a UV-Vis spectrum indicating the presence of released UO2%*
(0.031 mmol, ~ 0.5 equiv). A 1 mL aliquot was taken from the yellow DCE layer and
transferred to an NMR tube. An unlocked 3'P{*H} NMR spectrum was collected indicating

the clean formation of 5.1 and a small unknown by-product at 20.1 ppm.

5.4.6 Biphasic Control Experiments

UO2%* migration from water to DCE in the absence of carborane (5.1 or 5.2a/b): A 5
mL vial was charged with UO2(NOz)2(THF)2 (14.0 mg, 0.026 mmol), and dissolved in 1.5
mL of 0.1 M sodium acetate buffer adjusted to pH 5.4 (0.017 M UO2%*). An aliquot of the

resulting pale-yellow solution was used to record an initial UV-Vis spectrum. The aliquot
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was transferred back to the 5 mL vial. A separate 20 mL vial charged with a stirbar, and
[BusN][PFse] (0.2324 g, 0.1 M) dissolved in DCE (6.0 mL). To the clear DCE solution, the
pale yellow aqueous solution was added slowly dropwise over the course of two minutes
without stirring. After addition, the mixture was allowed to stir for 4 hours and the organic
phase remained clear. Stirring was discontinued and the organic and aqueous phases were
separated using a small separatory funnel. Small aliquots of the aqueous and organic phases
were used to record UV-Vis spectra which together clearly indicated that the UO2?* had
remained in the aqueous phase.

UO2%* migration from water to DCE in the presence of 5.1: A 5 mL vial was charged
with UO2(NOz3)2(THF)2 (14.0 mg, 0.026 mmol, 1.0 equiv), and dissolved in 1.5 mL of 0.1 M
sodium acetate buffer adjusted to pH 5.4 (0.017 M UO2?*). An aliquot of the resulting pale-
yellow solution was used to record an initial UV-Vis spectrum. The aliquot was transferred
back to the 5 mL vial. A separate 20 mL vial was charged with a stirbar, 5.1 (14.1 mg, 0.026
mmol, 1.0 equiv), [BusN][PFs] (0.2324 g, 0.1 M), and DCE (6.0 mL). To the clear DCE
solution, the pale yellow aqueous solution was added slowly dropwise over the course of
two minutes without stirring. After addition, the mixture was allowed to stir for 3 hours and
the organic phase remained clear. Stirring was discontinued and the organic and aqueous
phases were separated using a small separatory funnel. Small aliquots of the aqueous and
organic phases were used to record UV-Vis spectra which together clearly indicated

negligible transfer of UO?* from the aqueous to the organic phase.

5.4.7 DFT Studies
Methods: DFT calculations were performed using Gaussian 09.2.48 Geometry optimizations

for all molecules were performed using the B3LYP/def2-SVP4%%0 |evel of theory (see S4 for
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atom coordinates) in DCM using the conductor-like polarizable continuum model (CPCM)
implemented in the Gaussian 09 software.>'®® Thermal energy corrections were extracted
from the results of the frequency analyses performed at the same level of theory. Frequency
analyses of all molecules and intermediates contained no imaginary frequency showing that
these are energy minima. The equilibrium constants were calculated from Gibbs free energy
values for the proton transfer reactions (Keq = eCAG/RD),

Competition results: To extract the relative basicity of 5.1, 5.2a, TPO and PC, DFT
calculation were performed on isodesmic reactions of proton transfer between these
molecules (NOTE: only the anion of 5.2a was used in the calculations). Since 5.1 and
5.2a(anion) have two P=0O units, the comparison was made versus two TPO and two PC
molecules. The results from the calculations are consistent with the experimental
competition experiments wherein 5.2a is much more basic than 2°TPO with the calculated
equilibrium constant (Keq) for the proton transfer from 5.2a-H* to 2¢TPO of 1.21:1072
(Supplementary Scheme 1a). The Keq for the proton transfer from 2¢TPO-H* to 5.1 is
5.96:1073, making 2¢TPO more basic than 1. Finally, 5.1 is more basic than 2¢PC with Keq =
9.20-107'2 for proton transfer from 5.1-H* to 2+PC. Overall the calculated relative basicities

are similar to the experimental ones with 5.2a >> 2¢TPO > 5.1 >> 2+PC.

a  5.2aH"+2TPO 2 5.2a+ TPO,H" AH =21.89; AG = 33.99; Kgq = 1.21+10%

b TPO;H"+51 == 2TPO+5.1+H" AH = 16.45; AG = 5.76; Koq = 5.96+10°°

c 51:H"+2PC == 5.1 +PCyH"  AH =5.49; AG = 15.06; Kgq = 9.20+107"2
Scheme 5.1. DFT calculated isodesmic proton transfer reactions: a, from 5.2a-H* to 2¢TPO,;

b, from 2«TPO-H* to 5.1; ¢, from 5.1-H* to 2ePC. AH and AG are given in kcal-mol .
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Electron density surfaces: The electron density surface with electrostatic potentials was
extracted from optimized 5.1 and 5.2a and clearly shows that 5.2a has a significantly larger

negative electron density located at the oxygen atoms of the P=0 moieties.
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