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ABSTRACT

Cobalt coordination compounds consisting of a single five-coordinate cobalt(III) salen
(Co'"'SIn™) complex and two cobalt B-diketonate complex [(Co(acac)2((CC):2bpy)] and
[Co(dbm)2((CC)2bpy)] were synthesized. The redox-coupled spin crossover behavior of these
complexes were then studied using electrochemical and spectroscopic methods. Co™SIn* is
high-spin in both its +2 and +3 oxidation states, but its remaining open coordination site allows
for exogenous ligands to bind to the +3 oxidation state inducing a high-spin to low-spin
transition. This transition is accompanied by changes in color and induces a drastic
electrochemical shift. The changes in electrochemistry correlate nicely to the basicity of the
ligand as measured by gas phase basicity. For pyridine ligands the shift also correlates to the
Hammett parameter of the para substituent. This complex is a notable example of a cobalt
complex which undergoes both redox-coupled spin crossover and coordination-induced spin
crossover. In pursuit of a better understanding of these interactions a review of similar
coordination-induced spin crossover systems was performed. The two -diketonates also
undergo redox-coupled spin crossover. The +2 oxidation states are both high-spin, but upon
oxidation a rearrangement takes place that results in a low-spin cobalt(IIl) metal center. Like
Co'"'SIn", the high- and low-spin states of [Co(acac)2((CC):2bpy)] and [Co(dbm)2((CC):bpy)]
have very different spectral properties. Attempts to fashion electrochromic multilayers out of
these complexes were unsuccessful. These failed experiments provided insights into the synthetic
modifications needed for related complexes to be made into functional multilayers and multiple

future directions for this research is discussed.
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1. INTRODUCTION

1.1 Building Efficiency and Sustainability

Climate change is the greatest problem of our time and possibly the greatest problem we
have ever faced in all our history. With extreme weather events and record setting heat waves
becoming a frequent occurrence the world needs new technologies that not only generate energy
from renewable sources (i.e. wind, solar, hydroelectric, etc.) but also reduce our overall energy
demand.

Buildings are one such area where an increase in efficiency could pay dividends in terms
of sustainability. Buildings account for the majority of energy consumption worldwide.! As
much as 50% of this energy consumption may be attributed to the HVAC systems used to heat
and cool building interiors.? A significant portion of this demand is due to the need to keep up
with increasing indoor temperatures caused by incident solar radiation which enters a building
throughout the day. By decreasing the amount of incident light which can enter a building
through the windows and increase its internal temperature great cost savings can be achieved. To
achieve this, many have looked to smart windows as a way of modulating incident light and
improving energy efficiency. Multiple schemes for smart windows have been proposed and
many remain in active development. One category of smart window that has shown a great deal
of promise are electrochromics. Trials conducted using the Department of Energy’s DOE-2.1E
building simulation program have shown that energy usage can be decreased by as much as 20-
30% during peak demand times by using electrochromic panels.® With such drastic energy
savings known to be possible, the development of new building materials is a priority for many

in both government and industry.



1.2 The Promise of Electrochromics

Smart windows are based on the well-studied phenomenon known as electrochromism.
Electrochromism is a process in which a redox event causes a material to change color,
reflectance, or transmittance. Electrochromic panels are already available commercially.
Boeing’s has utilized tungsten oxide panels in the 787 Dreamliner,* luxury car makers like
Maclaren have begun to incorporate self-dimming panels into sunroofs, and smartphone maker
OnePlus has explored using electrochromic lenses in its smartphones’ cameras.’ These are just a
few of the applications that have already been found for electrochromic materials, but the
technology is still in its early stages and there continues to be significant research to overcome
the limitations of current electrochromic materials.®

Energy consumption continues to be a challenge in electrochromic design. As long as a
panel is in its darkened “on” state it will consume energy. This is a limitation shared by all
current devices, which tend to be built using layers of solid metal oxides or other bulk materials
sandwiched between panels of indium tin oxide (ITO) coated glass,” and continues to limit the
viability of many envisioned applications. The above example of the OnePlus smartphone, for
example, was criticized at its unveiling for the added drain it introduced to the device’s battery.
The example of the car sunroof would similarly drain the vehicles battery if it was left on while
the engine was turned off. This is not the only challenge in building electrochromic panels,
switching efficiency, coloration efficiency, cycle lifetime, and chemical stability are all critical
factors.® However, the need for the need for a continuous supply of energy to remain in an “on”
state remains a significant drawback of electrochromics that limits their ability to introduce new

energy savings in buildings and prevents their employment in certain novel applications.



Figure 1 shows the structure of a traditional electrochromic panel. Sandwiched between
two transparent ITO electrodes is a bulk metal oxide electrochromic layer, a gel electrolyte layer,
and an ion storage layer.”® Bulk oxides are not the only option for the design of electrochromics
and new approaches may help to address many of the limitations of current devices. Molecular
systems, both organic and inorganic, represent and area of active research.’ This subfield of
molecular electrochromics offers multiple advantages. Unlike the bulk metal oxides in current
devices molecular electrochromics can be endlessly customized through synthetic modification.
Besides the obvious benefit that this allows for careful control over the color, these molecular

electrochromics function in different chemical environments than metal oxides films. Classes of

11,12 13,14

molecules including, but not limited to, viologens,'® pyroles,'!? perylene diimides,'*!* and
transition metal complexes,'” have all be investigated for their electrochromic properties for use

in these devices.
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Figure 1: General schematic of an electrochromic device.



1.3 Layer-by-Layer Assembly as A Method For Building
Electrochromic Multilayers

Many approaches to layer-by-layer (LbL) assembly can be found in the literature. LbL
films are easy to prepare in a laboratory setting and allow for precise control of layer thickness
and composition.'®!” Figure 2 shows a generalized LbL process. In these procedures, the
substrate is first prepared with an initial layer linker molecule anchored to the surface.
Successive layers are then built up by exposure to alternating solutions of layer and linker
molecules until the films reach a desired thickness.'¢ Precise control over film thickness is
achieved through self-limiting mechanisms for joining these layers and linkers together. These
mechanisms include covalent attachments, ionic interactions, hydrogen bonding, or coordinative
interactions where metal ions form the layers and ligand assemblies act as the linkers between
these layers.!” Substrates may be dipped, sprayed, or spin coated, and solutions can be altered to
control the chemical composition of each layer making a variety of complex architectures
possible. LbL films have been used in microelectronics, hydrophobic coatings, nanoparticles,

chemical sensors, and solar cells.'®!"”

I = Linker Molecule

I = Layer Molecule

.. 3§31 3%

Substrate ‘ —b‘ Substrate |—b| Substrate |—>‘ Substrate ‘

Figure 2: General schematic of a layer-by-layer assembly using alternating layers of analyte held together by
linker molecules.

The foundational self-assembled monolayer (SAM) on which multilayers are built can be



made from several classes of molecules, three of which are depicted in Figure 3.2° The
quintessential monolayer for LbL techniques is the gold-thiol self-assembled monolayer (SAM)
which established the paradigm for SAM research.?! These SAMs are assembled by submerging
freshly cleaned gold substrates in solutions of thiol-functionalized molecules. With sufficient
time, thiol head-groups adsorb onto the surface of the gold and Van der Waals forces between
alkyl chains lead to the formation highly ordered SAMs.?? Once deposited these SAMs may be
used for a variety of purposes depending on the functional group attached the end of its alkyl tail.
This approach is commonly employed in electrochemical studies at gold electrodes where these
SAMs may be used to control the behavior of the electrode interface.?> > Fundamental studies of
the electrochemical properties of alkane-thiols on gold have been performed with ferrocene both
attached covalent to the end of these alkyl chains and in solution with the SAM acting as a spacer
between the electrode and analyte.?!?° Cysteines added to the end of the alkyl chains have been
used to coordinatively attach porphyrins electrode surfaces.?’” Others have used azide-
functionalized alkane-thiols to covalently attach electrophores to the SAM through copper (I)-

catalyzed azide-alkyne cycloadditions (CuAAC) “click” reactions.”®
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Figure 3: Structures of three molecules suitable for constructing azide-functionalized SAMs including (1)
alkyl thiol (2) 11-Azidoundecyltrimethoxysilane (3) phosphonic acid.

This last method, shown in Figure 4, is especially appealing because in principle any



molecule containing an appropriate ethynyl group may be covalently attached to this surface
forming a 1,2,3-triazole linkage between the molecule and the SAM. If the molecule of interest
contains multiple ethynyl groups pointing in opposite directions, then multiple layers may be

deposited by using linker layers consisting of azide-functionalized molecules.?’
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Figure 4: Schematic of the CuAAC LbL used with examples of linker molecules (red) and layer molecules
(blue).

These methods offer many opportunities for researchers interested in constructing
molecular electrochromics combining the customizability that this molecular approach entails
with the precise control of coating structure and thickness conferred by LbL methods. Our group
has used silanes extensively in the past to construct multilayers on glass coated with a
conducting Indium Tin Oxide (ITO) film using silane anchors to study charge transfer and layer
growth behavior in a variety of molecules including porphyrins and perylenediimides.?’ ! This
technique required careful preparation of the ITO glass surface followed by submersion in a
single-use solution 11-azidoundecyltrimethoxysilane under a nitrogen atmosphere to construct
the monolayer. These methods were highly effective but in recent years some challenges have

arisen in reliably depositing the initial SAM. Phosphonates offer an alternative to these silane-



based SAMs and have several advantages.

Multiple materials may be used as substrates for phosphonate-based SAM. These include
various oxides of alumnium, titanium, silicon, and iron, as well as ITO.?>* This includes the
oxide layers that form naturally on the surfaces of many metals.>>® The phosphonate head
groups have several modes of interactions with the substrate. These interactions may consist of
M-O-P bonds or of coordinative or ionic interactions between the metal oxide surface and the
P=0 functional group. After submersion in the phosphonate solution SAMs are often annealed to
drive the condensation reaction forward and ensure the formation of covalent bonds between the
phosphonate and the oxide surface.?* Phosphonate SAMs on ITO (Figure 5) have several
advantages compared to silane SAMs on ITO and thiolate SAMs on gold surfaces. They have
greater stability when compared to the thiolate gold SAMs which oxidize readily and are also not
transparent. They are more stable in acidic conditions than the corresponding silane-based SAM.
And unlike silanes, phosphonate anchors do not undergo self-polymerization reactions that can

impede SAM formation.>>
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Figure 5: Generic schematic of SAM formation on a metal oxide substrate from 11-Azidoundecylphsophonic
acid.
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1.4 Spin Crossover as a Mechanism for Energy Efficient
Electrochromics

1.4.1 History and Fundamentals of Spin Crossover

Spin-crossover (SCO) phenomena form the foundation of an active field of research
spanning more than eight decades all the way back to its discovery in 1931 when it was first
reported by Cambi and coworkers.*® Like many of the interesting properties of transition metal
complexes, SCO involves the arrangement and behavior of a metal’s d-electrons and the
influence of coordinated ligands on their behavior. Changes in temperature, pressure, or incident
light are commonly used to induce SCO. When subjected to one or several of these stimuli, a
spin crossover compound will undergo a rearrangement of its d-electrons from a low-spin (LS) to
high-spin (HS) state or vice versa. The effects of this transition can be seen in changes in metal-
ligand bond lengths, spectroscopic properties, and magnetic moment. These drastic changes have
inspired a great deal of interest among researchers interested in understanding how to design and
control useful SCO materials for use in displays, data storage, and other applications.*!*

Despite the difficulty of designing purpose-made SCO materials the underpinnings of the
process can be explained simply through ligand field theory. When ligands bind to a metal ion
they interact with the metal’s d-orbital electrons and in doing so they break the degeneracy of the
d-orbitals separating them into the higher energy e¢* orbitals and the lower energy tg orbitals.
The separation between these two sets of orbitals is known as the ligand field splitting energy
(Ao ).* Electron occupancy in these orbitals depends on this ligand field splitting energy as well
as the electron pairing energy (IT) associated with placing an electron into an orbital in which one
electron already resides. If the splitting energy is large relative to pairing energy, electrons will
preferentially occupy the low energy tog orbitals despite the energy penalty incurred by two

electrons sharing an orbital. If the splitting energy in small in comparison to the pairing energy,



then the d-electrons will instead populate the higher-energy orbitals. These two arrangements are
referred to as low-spin and high-spin respectively. This relationship is depicted for a d® metal
center in Figure 6. Typically, a transition metal complex with four to seven d-electrons is either
low-spin or high-spin, but if the field splitting energy is approximately equal to the pairing

energy, then SCO may occur.*>4346
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Figure 6: The influence of ligand field splitting energy on the spin state of an octahedral d® metal center.

Ligand design is an important factor in the intentional design of SCO materials not solely
because of their ligand field effects but for their steric influence as well.*’* In the solid phase,
intermolecular interactions between ligands of adjacent complexes or blocking interactions
caused by intercalated solvent molecules are often responsible the stability of low- and high-spin
states.*>*330-36 SCQO’s structural and electronic effects are routinely studied using spectroscopic
methods,*"? but temperature-dependent magnetic susceptibility studies best illustrate one of
the primary metrics by which SCO materials are evaluated. If the spin states are bistable the
magnetic susceptibility data will show a hysteresis loop (Figure 7) in which the low-spin to high-
spin and high-spin to low-spin transitions occur at different temperatures. The separation of these

transition temperatures is then used to judge the stability of the two spin states.*
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Figure 7: Idealized depiction of a hysteresis loop created from temperature-dependent magnetic susceptibility
data.

For an SCO material to be useful its spin transition must be rapid, consistent, and stable.
6! In the binary parlance of computer science low-spin and high-spin states may be thought of as
“off” and “on” or alternatively as 0 and 1. Users depending on an SCO-based data storage device
would require spin states to change abruptly and remain stable for extended periods. The same
concern is shared by other potential SCO applications. A chemical sensor must reliably change
states only in the presence of its intended analyte. The same is true for thermochromic paints that
could be used to monitor the freshness of frozen and refrigerated products.®? Display
technologies, electrochromics included, require abrupt color changes on demand that do not fade
with time. Currently, this bistability is easy to achieve in the solid phase where steric interactions
are able to control SCO hysteresis.*® Because most SCO devices are expected to be used under
standard temperature and pressure an abrupt hysteresis with a separation of around 50 K at room
temperature is generally considered desirable.®® Stability of high- and low-spin states, measured
by magnetic or spectroscopic methods, can be readily achieved in solids or at low temperatures.

Achieving bistability in solution phase molecules, or in molecules located at an interface,

10



remains a challenge. To address these limitations researchers have increasingly turned to
uncommon SCO stimuli whose mechanisms make bistable SCO possible outside of the solid

phase.

1.4.2 Uncommeon Stimuli

Although heat, pressure, and light are the most common stimuli seen to induce SCO
behavior in the literature there are many other stimuli that are less often studied and offer
opportunities for designing novel molecular devices. These uncommon SCO stimuli are gaining
increased attention in the literature as bistable SCO in the solid phase has become common but
bistability in solution or at in interface remains rare.®> Two of these uncommon stimuli include
electron transfer, a process known as redox-coupled spin-crossover (RCSCO), and ligand
coordination/dissociation, known as coordination induced spin crossover (CISCO).

At first glance RCSCO appears to be little different from a standard redox event in which
a complex’s metal center either gains or loses an electron. Unlike a typical redox event, which
consists of a single charge-transfer step, when RCSCO is involved not only is there a transfer of
charge but there is drastic rearrangement of the complex’s electronic structure which results in
significant chemical changes following oxidation or reduction. In a cyclic voltammogram this
appears as an irreversible electrochemical process like the one shown in Figure 8 due to the
change in geometry imposed by the spin transition. Theoretically, a reversible redox reaction
appears on a cyclic voltammogram with a minimum peak separation of 59 mV,% in practice
under experimental conditions the peak separation may be as large as 100 mV. Voltammograms

with separations significantly larger than this are considered irreversible.®
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Figure 8: Qualitative depiction of reversible (black) and irreversible (red) cyclic voltammograms.
RCSCO is often depicted using the square scheme shown in Figure 9 in which steps A

and C correspond to charge transfer reactions, steps B and D represent the electronic
rearrangement that follows the charge transfer reaction as the complex assumes a new, more
stable spin state. Steps B and D are described by the spin equilibrium constants K+ and Kse 3+
respectively. These constants represent the process of electronic rearrangement that follows the
initial redox event. If Ks. << 1 then the equilibrium will favor a low-spin configuration, if K >>
1 the equilibrium will favor a high-spin configuration. Large differences in Kge 2+ and Kge 3+ will

result in cyclic voltammogram with large peak separations.
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Figure 9: Simplified square scheme depicting a typical RCSCO mechanism adapted from Turner and
Schultz.%

RCSCO is commonly seen in biological systems. It is an essential part of the catalytic
cycle of redox proteins with cytochrome P450 being the classic example of such an enzyme.”-6®
In these environments, RCSCO functions in concert with a series of ligand association and
dissociation events which also influence the spin state of metals they are coordinated to.¢
Interplay between RCSCO and ligand-coordination is complex, and, in some instances, it can be
argued that the mechanism is primarily CISCO rather than RCSCO and disentangling the two
can be a challenge.

CISCO happens as a result of the well-established fact that certain ligand and first-row
metal combinations will result in the formation of low-spin or high-spin complexes depending on
the strength of the metal-ligand interactions. As a ligand coordinates to the metal center
interactions between it and the metal’s d-orbitals result in changes to the ligand field which may
result in high- or low-spin electronic configurations.** This fact is at the core of all SCO
research, but instead of relying on perturbations to an existing ligand field as is typical in most
SCO, CISCO functions by changing the ligand field environment directly. Simple examples of

this may consist of metal complexes of high-spin cobalt(III) or iron(III) metal center that possess

an unoccupied axial coordination site. Coordination of suitable ligands, like pyridine or
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imidazole, that readily coordinate to the metal center induces a change to the ligand field that
favors a low-spin conformation. More recently, researchers have begun to synthesize and study
systems where this coordination can be regulated through the application of an external stimulus.
Many of these systems have been designed using porphyrins that have been covalently modified
with axial ligands whose bonding can be controlled through conformational changes induced by
incident light or changes in pH. 3*%%~"! Other ligand scaffolds suitable for CISCO exist and will
be elaborated on in Chapter Two.

An interesting and compelling factor in both RCSCO and CISCO systems is that the
bistability that arises in both cases is due to their unique SCO mechanisms. This unique
characteristic makes them ideal for use as SCO switches in solution, at interfaces, or in other
SCO materials without the temperature requirements that limit other classes of SCO molecules.

1.4.3 Coupled Charge Transfer and Spin Crossover Reactions of Cobalt
Coordination Complexes

RCSCO is known to occur in reactions of the Co"

redox couple. The unique properties
of the Co couple have been an area of interest to electrochemists for decades. Some of this
interest has been a result of a biological and catalytic significance of certain cobalt complexes
including vitamin B12 and its cobaloxime analogues.’>”> On a more fundamental level, this
interest arises from the changes in spin state that are necessitated by the changes in d-electron
count between cobalt(Il) and cobalt(IIl) complexes depicted in Figure 10.

This was highlighted during the 1980s by multiple studies and reviews which
interrogated the sluggish electron exchange reaction between Co(NH3)s*" and Co(NH3)s>" in

1T

solution. Electron exchange from the high-spin Co" species to the low-spin Co™ requires a

change in spin states for both metal centers that is not only due to the loss or gain of a single
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electron but also a change in d-orbital occupancy with an accompanying change in spin

multiplicity.
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Figure 10: Illustration of SCO in conjunction with electron self-exchange between Co'' and Co™ complexes in
solution with idealized octahedral geometries. Adapted from Geselowitz.”*

Authors noted early on that the barrier imposed by spin forbidden transitions seemed to
be small when compared to the barriers imposed by changes in bond length leading to attempts
to reconcile theory and data by finding spin allowed pathways for electron exchange proceeding
through various ground and excited state configurations.”*’ Concurrent studies of similar
exchange reactions in complexes of cobalt with various amine cage ligands sought to probe
outer-sphere mechanisms and the impact on exchange rates caused by the addition of functional
groups to the ligand cages.”” A later study of the redox behavior of similar caged compounds at

W o]ectron transfers

an electrode led the authors to conclude that the sluggishness of these Co
are not due to spin-forbidden properties of the transition, but to the frequent changes in geometry
that occur in more flexible complexes.”® This lively debate exemplifies the numerous factors

involved in RCSCO reactions, each of which offers a possible “handle” for the modulation of

RCSCO behavior to meet desired operating parameters.
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1.4.4 Leveraging Uncommon Stimuli for Novel Electrochromics

Traditional SCO materials that exhibit hysteretic behavior in bulk solids might be suitable
for use in traditional electrochromics, but their mechanisms require specific temperature regimes
and stimuli that are difficult to provide in household and commercial settings where
electrochromic panels might find use. Even if bulk SCO materials were to be incorporated into
an electrochromic panel the dependence on solid-phase interactions to achieve bistability ignores
the many advantages offered by molecular electrochromics. Developing molecular SCO systems
with novel mechanisms based on bistable RCSCO reactions will enable us to design new energy
efficient electrochromics with the synthetic tunability offered by molecular electrochromics.

Electrochemical reactions of the Co"™!

redox couple are known to be both sluggish and
dependent on ligand structure. Thus, the RCSCO energy barrier could provide the bistability
needed for effective electrochromics. This energy barrier could then be modulated through
careful ligand design and CISCO interactions.

Once promising molecular systems are identified through solution studies, ligand
modifications can be made to allow for LbL assembly using well-established copper-catalyzed
click techniques to build multilayers on ITO electrodes. These electrodes may serve as a basis for
proof-of-concept multilayers demonstrating novel RCSCO electrochromics. Once made these
multilayers can be evaluated by submersion in electrolyte for spectroelectrochemical studies. The
electrochemical peak splitting should be proportional to the lifetimes of the “on” and “off” states.
This could be examined by first applying a potential to the multilayer and once the color changes
caused by spin-crossover were observed that potential would be removed. If these are truly

bistable systems, no change in absorbance will be observed until an appropriate potential is

applied to drive the equilibrium in the other direction.
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These new bistable electrochromic complexes would make conventional smart windows
more energy efficient by removing their passive energy needs and thereby realizing additional
energy savings. This technology would make novel applications for electrochromics viable for
the first time. Wearable electrochromics have been tried in the past and been abandoned.’ The
examples of electrochromics used in smart phones and car sunroofs are impressive but they are
inherently limited by their energy needs. Every addition of an electrochromic panel to a device
not connected to a wider power grid merely increases the already growing demand on limited
battery capacities. Bistable electrochromics based on molecular RCSCO materials could remove

these obstacles and allow for more widespread use .

1.5 Thesis Outline

Chapter 2 will include the contents of a review paper on the topic of coordination-
induced spin crossover (CISCO). This is a rarely studied phenomenon in the area of SCO
research which offers numerous possibilities for achieving bistability in solution and at solid-
solution interfaces. CISCO is essential to regulating the redox behavior of Cytochrome P450 and
other heme-based redox enzymes. This behavior is often referenced in the SCO literature even
when the specific SCO mechanisms have little to do with the CISCO functionalities in these
enzymes. This review aims to fill a gap in the literature highlighting the innovative work taking
place in this sub-field of SCO research within the past two decades. Many examples of
functional molecules with promising switchable CISCO have been published in the last two
decades but there has not yet been an effort to review the progress of this field and provide a
“jumping off point” for scholars interested in exploring this field further.

Chapter 3 will cover the ligand-dependent redox-coupled spin crossover behavior of a

five-coordinate cobalt salen which was originally synthesized and studied by previous students in
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our lab Drs James Buchwald and Subadeep Kal. The high-spin to low-spin switch they observed
following coordination of an exogenous ligand and the accompanying changes in
electrochemistry were further studied with a series of Lewis basic heterocycles and a handful of
anions. The peak splitting seen in cyclic voltammograms of this complex in the presence of
exogenous ligands is correlated to the structural properties and basicities of the ligand and
important parameters for intuiting the degree of peak splitting are identified. This work
constitutes a first step to the design of tunable redox switches using this and similar complexes.
Chapter 4 will discuss the synthesis and characterization of two cobalt(Il) B-diketonate
complexes that exhibit redox-coupled spin crossover behavior in solution. These complexes are
based on similar complexes first reported by Harding in 2012.7° The key differences between
Harding’s work and the work presented here are that the complexes highlighted have been
synthetically modified with ethynyl functional groups with the goal of constructing
electrochromic multilayers on ITO glass substrates. Efforts to assemble these multilayers were
unsuccessful and the chapter concludes with several hypotheses for why this was the case and
describes several paths forward involving the synthesis of new related complexes which may be

more suitable for multilayer assembly.
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2. A REVIEW OF COORDINATION-INDUCED SPIN
CROSSOVER IN NATURE AND ON THE BENCHTOP

Coordination-induced spin-crossover (CISCO) is a common feature of naturally
occurring enzymatic systems. Nature has used this process in thousands of cytochrome enzymes
to metabolize foreign compounds, transfer electrons, catalyze redox reactions, and synthesize
biological signaling molecules. Cytochrome enzymes in particular are often cited as examples of
naturally occurring spin-crossover (SCO). However, while many entries in the literature cite
these natural examples of SC'O few go on to describe synthetic coordination compounds with
clear parallels to these natural systems. Many natural systems exhibit SCO transitions linked to
the coordination of some guest species or through interactions with a redox mediator. Often these
SCO processes are complex and are merely a small segment of a much larger catalytic cycle.
Synthetic systems which mimic these behaviors offer opportunities to examine the influence of
ligand environment, structure-function relationships, active site surroundings, and solution
conditions on SCO behavior in detail. This review seeks to summarize notable examples of

ligand-dependent spin-crossover and highlight areas where more attention should be focused.

2.1 Introduction

2.1.1 Spin Crossover

Spin crossover is one of the most interesting and frequently studied phenomena in
coordination chemistry. At first glance it seems like a simple concept; through the application of
an external stimulus, the electronic structure of a complex is changed, resulting in a change in

spin multiplicity as low-spin (LS) configurations are converted into high-spin (HS)

Portions of this chapter are in preparation as: McCabe, C. A.; Mitchell, A. L.; Dinolfo, P. H. Coordination-Induced
Spin Crossover in Nature and on the Benchtop.
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configurations and vice versa.®® This apparent simplicity obscures the depth and breadth of spin
crossover research and its implications for future devices. Any change in the electronic structure
of a transition metal complex has drastic effects on its properties including color, magnetic
susceptibility, and bond length.*!*!:8! Thus, the ability to readily change the spin state of a
coordination complex at will offers researchers an unparalleled ability to tune molecular
properties towards desired functionalities.

In the available literature, spin crossover behavior is most frequently seen in complexes
of iron, cobalt, and manganese but has been observed in other transition metals as well 552
Reliable methods for the targeted design of SCO materials remains an active area of research.
With that said, a great deal has been learned about SCO and there are two factors of universal
importance in SCO material design.

1. The metal center must have a d-electron count between d* and d’, so that there will
always be partially or fully unoccupied orbitals ready to accommodate alternate electronic
configurations.*6-33

2. The ligand field splitting energy (Ao) must be comparable to the electron pairing
energy (I1).% For this reason, ligands which coordinate through nitrogen atoms are common, but
mixed coordination spheres of nitrogen and oxygen have also been documented.****

When subjected to an external stimulus such as heat, light, or pressure, the similar pairing
and splitting energies allow the complex to adopt a lower energy state by transitioning from a

low-spin to a high-spin state or vice versa (Figure 11).
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Figure 11: Schematic illustration of d-electron configurations for a low-spin to high-spin transition in an
octahedral d® metal center.

Since this transition is often accompanied by changes in color, magnetic moment, and
bond length, the change in spin state is easily detectable. These properties make spin crossover
materials appealing for use in sensors, displays, computer storage, and other spintronic
devices.**%1:8587 Also of interest to researchers is the presence of spin crossover centers in
naturally occurring systems including the many cytochrome enzymes found throughout the
natural world.®%

While cytochrome is commonly cited as an example of naturally occurring SCO, there
are comparatively few examples of synthetic systems displaying coordination-induced spin
crossover (CISCO) like that which is displayed by these enzymes. Although many examples of
supramolecular crystal lattices exist where control of the SCO process is linked to interactions
between the lattice and solvent molecules have been reported on extensively in Hoffman

frameworks, 793439091

instances where spin crossover is induced by coordination of a guest
ligand are less well studied. Instead, the majority of spin crossover research seems focused on
achieving thermal SCO with a T1,; at or near room temperature.*

Spin crossover may be detected using many common instrumental techniques.®® One of
the most popular methods for evaluating SCO behavior in solids is temperature-dependent

magnetic susceptibility experiments often performed using a SQUID and the data is displayed as

a hysteresis curve similar to the one shown in Figure 12.
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Figure 12: Depiction of a thermal hysteresis curve.

These thermal experiments tend to be less useful in studying the CISCO systems covered
in this review. They do, however, provide an excellent illustration of one of the key metrics in
SCO research, hysteresis. Nearly all envisioned applications for SCO materials require bistable
spin-states. In a data storage device for example, the user needs to know with a high degree of
confidence that a bit that has been set to a 1 or a 0 will still be in that state when it comes time to
reference the stored data. There is a similar requirement for sensors where a high degree of
contrast is required and also for displays which may be expected to maintain a current state for
extended periods of time.®! For this reason, in an ideal SCO system the energy barrier must be
high enough to limit interconversion at room temperature. In magnetic susceptibility studies this
is seen visually as a hysteresis loop.®® These hysteresis loops are most common in bulk materials
where interactions between molecules in the crystal lattice introduce cooperative effects the
result in bistable hysteretic transitions, these same considerations are often not present for
molecules in solution.”>** This is a significant limiting factor in SCO systems which limits their

potential applications to bulk materials that makes applications of solution phase SCO in sensors
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and sensitizers out of reach of most current materials.

2.1.2 Coordination-Induced Spin Crossover

Coordination-induced spin crossover (CISCO), depicted in a generalized scheme in
Figure 13, offers a unique path to SCO bistability in solution or at an interface. Instead of
introducing modifications to ligands while attempting to maintain the careful balance between
Ao and IT a CISCO approach does away with this limitation and manipulates spin state by
changing the coordination environment entirely.®* This approach opens up an entirely new
synthetic toolbox for control of SCO behavior. Peripheral ligand structural elements still matter
here but in subtly different ways. Ligand modifications are made with the goal of tuning the
acidity of the metal center or the basicity of the ligand or restricting the type of ligand that is able
to access the metal in emulation of protein active sites. That is not to say that cooperative effects
are irrelevant in CISCO. There have been examples of CISCO interactions on metal and metal

oxide surfaces,’*?°

and it is easy to envision CISCO active moieties incorporated into polymers
and other bulk materials where cooperative effects would likely have a pronounced effect.
Ligand lability is a primary consideration in most CISCO research and the methods used to study
CISCO reflect this. To best characterize these interactions, CISCO is often quantified through
equilibrium constants describing ligand association or through determination of the change in
Gibbs Free Energy and the underlying thermodynamic terms involved.’®® These may be studied
through spectroscopic techniques but may also be studied through electrochemical experiments.
Redox changes accompanying CISCO, detected through direct electrochemistry, are useful
indicators of CISCO often observed in the study of enzymes and are applicable to synthetic

systems as well.”
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Figure 13: Generalized CISCO interaction.

In this area CISCO overlaps significantly with another subset of SCO known as Redox-
Coupled Spin Crossover (RCSCO) that ties CISCO together with the redox-cycles of cytochrome
proteins. Here, instead of light or heat, charge transfer is the stimulus which precipitates a spin-
transition. The reorganization energies involved here are not just those involved with a simple
electron transfer, but also those energy costs associated with the drastic electronic
rearrangements that result in a new spin state being achieved. These considerations impose
significant energy barriers that are seen in a cyclic voltammogram as a large splitting between
the oxidation and reduction peaks (Figure 14), something which is irreversible electrochemically
speaking and is indicative of RCSCO. Such interactions are complicated and often depicted

conceptually as a square scheme diagram (Figure 15). %
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Figure 14: Electrochemistry of a five-coordinate Co'"' Salen alone in solution (black) and in the presence of 10
eq. of imidazole (red). The peak splitting is the result of RCSCO phenomena coupled to ligand coordination
to the metal center. Scans were taken at 500 mV/s in dichloromethane with 0.1M tetrabutylammonium
hexafluorophosphate.

It should be noted that not all RCSCO is also CISCO but the two together have the

potential to enable novel functionalities that would not be possible otherwise. An example of this
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is the Co ion. The odd number of d-electrons means that even in a low-spin arrangement there
will still be an unpaired electron leading to an overall spin multiplicity of S=1/2. Because of this
a cobalt(Il)-based CISCO system, and cobalt(I) SCO systems in general, will be limited in
usefulness unless a change in the number of electrons is achieved.*! Redox reactions offer an
easy way to achieve this, coupling this RCSCO to ligand binding allows an easy way to switch
between HS Co'" and LS Co™. Oxidation of a high-spin Co'" metal will yield a high-spin d® Co'!!
that will favor a low-spin configuration if a sixth exogenous ligand is available for binding
following oxidation.***® Thus, RCSCO coupled to CISCO offers an avenue to achieve new

functionalities that are not possible with more conventional SCO mechanisms.
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Figure 15: Redox square depicting the interplay between electrochemical and spin exchange parameters in
RCSCO reactions coupled to ligand association and disassociation. Adapted in part from Turner and
Schultz.%

A redox square clearly illustrates how RCSCO depends not only on potential (E), the
electron transfer rate constant (k), and the electron transfer coefficient (a), but also on the spin-
exchange constant (Ks.) which accounts for the d-electron structural rearrangements that result in
a new spin state. Large differences between the two spin exchange constants Kse 2+ and Kge3+
increased the separation of the anodic and cathodic redox potentials. Changes to the coordination

environment achieved through exogenous ligands can therefore affect redox potentials by
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altering these spin equilibriums.®® This behavior is seen in the prototypical CISCO system
cytochrome P450,” and has been mirrored in synthetic complexes. Much information can be
derived from electrochemical experiments, but this data is also of value because it may indicate
the presence of CISCO in the literature where SCO was not the main focus of the work being
done but where the resulting electrochemical data may indicate that more attention is warranted
from a CISCO perspective.

Aside from a recent review by Khusniyarov which highlighted several categories of non-
thermal SCO,% CISCO has received little attention in the literature compared to more
conventional varieties of spin crossover. Most of the literature seems concerned with either
thermal or light-induced spin crossover. Our review is concerned with a particular subcategory of
non-thermal SCO in which complexes undergo SCO in response to change in metal coordination
environment. This approach is a departure from “classical” SCO. Instead of being limited to
metal coordination with the right coordination environment for spin exchange to occur, CISCO
instead works by changing this environment entirely. We begin our survey of CISCO with a brief
look at biological CISCO in Cytochrome P450 and Cytochrome ¢. While our focus here is
primarily on artificial systems these biological systems are worthy of discussion. Many in-depth
studies and reviews of these enzymes have been published and as a result there is no shortage of
data available to inform the rational design of synthetic CISCO systems.%7-68:88:100-107 Eor the
most part, the examples of artificial CISCO that we cover in this review concerns porphyrin
complexes of iron or nickel. This is unsurprising, as porphyrins have many similarities to the
heme active sites found in cytochrome enzymes and are synthetically versatile.!’®1%° This
provides several straightforward pathways to the design of intricate CISCO active molecules

which we have highlighted in this review. Salens are another class of molecule we discuss in this
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review which show promise in this field but have received less attention than porphyrins.
Additionally, there are other examples of CISCO in the literature that have yet to garner more
attention. We have made attempts to identify these molecules and highlight them here as avenues
to designing useful molecules that warrant further study. To that end, our primary focus is
examples of coordination complexes where authors have demonstrated that the spin state of the
metal center can be controlled through reversible ligand binding and have shown that this
binding may regulated through an external stimulus. These examples are rare compared to
studies which show a given complex may have a different spin state after titration with an
exogenous ligand. The later examples are important in identifying potentially useful molecules
but do not go as far as to investigate ways by which binding can be manipulated to achieve a
desired spin state on demand. Wherever possible we have chosen to focus on those more mature
examples of CISCO which show potential for the design of molecular machines, sensors, and
catalysts. However, the context provided by those earlier titration studies is still valuable and
where appropriate we have included these for the purpose of providing historical context and
identifying systems which deserve more attention.

The most obvious application for these materials is as sensors. This near-term application
is not the only reason to be interested in CISCO in the long term. In biology, CISCO interactions
serve as on/off switches in catalytic cycles and electron transport chains.!!” Similar uses for
artificial CISCO systems might be found in the future to form electron transport chains in

molecular machines or as a mechanism for locking electrochromics into a given coloration state.

2.2 Spin Crossover in Biochemical Systems
CISCO is commonly seen in biological systems. Prominent examples include the many

and varied cytochrome enzymes in which spin modulation of an Fe atom within a heme
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prosthetic group play important roles in regulating redox cycles.*®!%! While this review is
concerned primarily with synthetic examples of CISCO, a brief introduction to a pair of
interesting natural systems is included here to illustrate the importance of this process in
biochemical systems.!!? In these examples a few of the many variables involved in axial ligand
coordination are highlighted. The significance of these interactions in the biological roles these
systems play alone makes this a topic worthy of study. But better understanding of this behavior
may benefit synthetic research endeavors as well. Cytochromes are valuable reference system in
which the many variables relevant to CISCO including ligand characteristics,'!! and active site

environment,!'>!!3 have already been studied in great detail.

2.2.1 CISCO Interactions in Cytochrome P450cam

One of the most prominent cytochrome enzymes is cytochrome P450. Cytochrome P450
is a large superfamily of monooxygenases named for the strong absorbance of their carbon
monoxide bound adducts at 450 nm. These enzymes are found in many organisms where they
serve in two broad functional roles; synthesizing signaling molecules, and metabolizing potential
toxins by oxidizing them to water-soluble derivatives ready for excretion.!*> More specifically,
these reactions include the metabolization of nicotine, the conversion of catechol to muconic acid
via cleavage of a benzene ring with dioxygen, synthesis of steroid hormones, and the conversion
of polyunsaturated fatty acids into biologically useful molecules.!?!!* There are many excellent
reviews and studies of this large family of enzymes and they will not be covered in depth here.
Instead, we will briefly describe the role of spin crossover in P450cam, a well-studied example
of a cytochrome P450 enzyme obtained from the bacteria Pseudomonas putida. P450cam was the
first member of the P450 superfamily for which a structure was determined and has been used as

a model enzyme in many studies since. P450cam is primarily involved in the hydroxylation of
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camphor to 5-exo-hydroxycamphor at biological temperature and pH, a reaction that would
otherwise require much harsher conditions.!!3

A single heme group resides within the active site of P450cam (Figure 16). Of the two
axial coordination sites available on the metal center, one is occupied by a single cysteine
residue, while the active side is occupied by a single water molecule. This bound water serves an

' center would be

important function in regulating the activity of P450cam. Without it, the Fe
continually reduced by the P450cam’s redox partner leading to the spontaneous formation of
potent oxidizing agents. In the resting state, this water molecule remains coordinated to the iron

M metal center. Substrate

center and serves to maintain a low-spin (S=1/2) resting state in the Fe
binding is aided by hydrogen-bonding interactions between a number of amino acid residues
present in the active site and the camphor substrate. As camphor approaches the active site it
displaces the axial water molecule. This water molecule functions as an on/off switch for the
enzyme. When bound the water molecule enforces a low-spin state (S=1/2) ensuring that the do-
y2and d,> orbitals of the Fe' center are too high in energy to accept an electron from P450cam’s
redox partner putidaredoxin. Displacement of this water by the approaching camphor substrate
removes its influence on the ligand field of the heme iron, lowering the energy of the di°.,* and
d,? orbitals, and allowing the metal to assume a high-spin state (S=5/2). In this state, the

reduction potential of the bound Fe'

changes considerably resulting in a positive shift in the
reduction potential of the iron center from -300 mV to -170 mV. The high energy dy*,*and d,?
orbitals are now within the reach of P450cam’s redox partner and at this point, a one-electron

reduction takes place following an electron transfer from putidaredoxin and the catalytic cycle

continues.!?
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Figure 16: Schematic of the low-spin to high-spin transition induced in cytochrome P450 the displacement of
an axially coordinated water molecule caused by an approaching substrate. Structures adapted from Harris
et al.!"*

Similar interactions have also been observed with related compounds with these studies
exemplifying importance of steric interactions especially in the highly structured and specific
bind pockets found in enzyme active sites. In this case, substrates that are too small to fit

I center to displace the bound

adequately in the active site do not come close enough to the Fe
water, meaning the enzyme remains in its “off” state and consequently no reactions are observed.
This was shown in Raag’s X-ray studies of three different substrates and their interactions with
P450cam. Camphor, the protein’s normal substrate, approached closely enough to the metal
center to displace the bound water and induce a low-spin to high-spin transition. A larger
adamantanone was shown to do the same. The smaller norcamphor however failed to induce this
transition as it was too small to adequately fit into the binding pocket and displace the bound
water.!!3

The above example is an interesting one that takes advantage of cytochrome P450cam’s
typical mechanism which controls spin state by displacing the coordinated ligand rather than
introducing an entirely new ligand. Other research has looked at more explicit coordination of
Lewis bases to P450cam’s central heme. Mohamed and coworkers have reported the binding of a
series of pyridine- and imidazole-derived ligands to P450cam and have detected numerous

possible binding modes via UV-vis spectroscopy, since depending on steric factors even an N-

donor does not displace the bound water and may instead hydrogen bond to the water protons
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instead. !'® As a demonstration of the importance of the iron spin state to P450cam’s catalytic
cycle, they noted that ligand binding inhibited the enzyme’s catalytic cycle and favored the low-

1T

spin Fe'" state. Presumably this is because the N-donors used here are stronger Lewis bases than

11

water and thus bind more tightly to the Fe™ center. This bond was evidently strong enough to

resist displacement by the enzyme’s normal substrate. Especially interesting was that reduction

11

of the low-spin Fe' center to Fe!" broke the Fe-N bond to give a high-spin Fe'.!!” These strong

N-donor ligands are much stronger bases than water alone, their binding to the metal center

M as a result of the larger

would result in a much larger reduction potential of the low-spin Fe
field splitting energy keeping the dx*y* and d.* orbitals even further out of reach of P450cam’s
typical redox partners. The breaking of the Fe-N bond upon reduction is an excellent
demonstration of the utility of coupled RCSCO and CISCO interactions where a redox event can
be used to control ligand binding and ligand binding can be used to control redox potentials.
These experiments provide examples of steric influences on ligand coordination and on the

usefulness of a metal center’s oxidation state for regulating ligand binding that could be of use in

synthetic redox-coupled CISCO.

2.2.2 CISCO in Cytochrome ¢

Another cytochrome which appears frequently in the literature is cytochrome c.
Cytochrome c is a class of small, thermodynamically stable electron transfer proteins found in in
both eukaryotes and bacteria and has been widely studied thanks to its ease of purification.
Cytochrome c’s active site is depicted in Figure 17 and incorporates a c-type heme through a pair
of thioether bonds formed with cysteine residues, a histidine axial ligand, and a second axial

ligand situated at the end of a peptide loop that is normally, but not always, methionine.'*
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Figure 17: The heme group found at the center of Cytochrome c. Adapted from Bertini et al.'*

Cytochrome c is not typically known for acting on substrates in same manner as
P450cam, instead it serves as an important intermediary in the mitochondrial electron transport
chain leading to the synthesis of ATP and acts as a signaling protein in apoptosis.''® This has
inspired a great deal of research into the effects of ligation of the central heme in an effort to
understand how the coordination environment around the heme group influences the behavior of
these charge transfer proteins. For example, instead of methionine as is typical, the axial
coordination site of the heme may instead be occupied by other amino acid residues, hydroxide
ions, or a water molecule. Distortions to the peptide loop holding the methionine residue in place
have been reported upon changes in pH with evidence to suggest that these changes result in a
high-spin iron center. '’ Multiple spin states for the heme of cytochrome ¢ have been observed
including a low-spin S=1/2 in the presence of a strong field ligand, an intermediate S=3/2 state
when bound to a single intermediate strength ligand or two weak ligands, and a five-coordinate
high-spin S=5/2 state in which one coordination site remains unoccupied.

Direct electrochemistry of mutant and wild type cytochrome c proteins by Ye et al

indicated several of these changes. In these experiments the quasi-reversible redox wave for the

32



Fe'"™redox couple was shown to shift based on environmental conditions and is dependent on
the structure of the peptide loop containing the axial ligand. Conformational changes to this axial
loop caused by changes in hydrogen bonding as a result of pH or because of residue substitution
that resulted in positive half-potential shifts.!!?

Other research has focused on the introduction of exogenous binding ligands rather than
differences in protein structure have been shown to induce even more dramatic shifts. Shifts in
potential have been observed in Fe'''/Fe!' redox couple in direct electrochemical experiments
where the reduction potential of unbound cytochrome ¢ was reported to be +263 mV vs SHE. In
the presence of ligands meant to displace the axially coordinated methionine residue new more

negative reduction potentials of the low-spin Fe!

adduct were measured for ammonia (-127
mV), azide (-145 mV), imidazole (-135 mV), and 2-methyl-imidazole (-135 mV) with shifts as
large as 408 mV in the negative direction induced by azide.!!! The example of these four ligands
gives us a look at important factors in the binding behavior of the three ligands if we assume the
magnitude of the cathodic potential shift corresponds to the influence of the ligand on the
magnitude of the K 3+ term. While the difference provided by a single methyl group appears to
be small based on the minor differences in the reduction potential their much higher basicity
compared to ammonia clearly induced a great field splitting owning to the fact that they act as
stronger sigma-bond donors. This is confirmed by a reference of the respective gas phase
basicity of each ligand. Ammonia has a basicity of just 819.0 kJ/mol while imidazole and 2-
methyl-imidazole have basicities of 909.2 kJ/mol and 929.6 kJ/mol respectively. Azide would at
first seem to defy this trend with a value of just 723.5 kJ/mol reported for hydrogen azide.!!” The

much larger shift in reduction potential can instead be explained by the negative charge on the

anion that is not present in the other three bases which would increase its affinity for the
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positively charged metal center and increase the electron density around the metal leading to a

higher reduction potential.

2.3 CISCO in Synthetic Systems

While artificial systems inspired by the binding properties of cytochrome are rare
compared to systems in which SCO is induced by heat, pressure, or light, there are a handful of
interesting examples in the field. Besides potential applications as sensors and data storage
devices alongside other spin crossover compounds, these examples may be of interest to
researchers seeking to develop new catalytic complexes. Enzyme mimics incorporating host-
guest interactions and transition metal centers are vibrant areas of research that can draw greatly
on the examples presented by natural systems.'?*"122 Control over these interactions is also worth

considering. Many examples couple ligand binding to some other stimulus, such as light,!23:124

pH, or electrochemical potential.!?’

2.3.1 Metallo Porphyrins

It is perhaps most appropriate to begin our discussion of synthetic CISCO systems with
those that most closely imitate those found in nature. Porphyrins, depicted in Figure 18 are
aromatic tetradentate heterocyles composed of four pyrole moieties joined together by methine
bridges.!%*1% When coordinated to a metal center this results in a four-coordinate square planar
geometry with axial sites available to coordinated additional ligands which influence the spin
states and redox properties of the metal center. The methine bridges are often modified
synthetically to create meso-substituted porphyrins, as are the carbons of the pyrrole rings to
create B-substituted porphyrins. These modifications may be done to introduce electron-

withdrawing or electron-donating groups, improve solubility, or mimic binding pockets. 26128
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The central importance of the heme group to a number of biological functions has created a
vibrant research community across decades with objectives ranging from studies of porphyrins as
heme analogues,®®!?’ to synthetically modified porphyrins optimized to serve as molecular

catalysts in reactions of industrial importance,!3%!3!

and as chemical sensors in variety of
contexts.'3? Synthetic modifications have shown that electron withdrawing substituents increase

the Lewis acidity of the metal center with respect to Lewis bases,'** making porphyrins an ideal

platform for the design and testing of tunable CISCO systems of biological relevance.
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Figure 18: Generic structures of meso-substituted porphyrin (1) and p-substituted porphyrin (2).

There are three broad categories of porphyrin which we have chosen to focus on for
nickel- and iron-containing porphyrins which are the most common examples of CISCO in the
current literature. There are also a handful of cobalt-containing porphyrins which we have
highlighted in less detail owing to fewer available references. Porphyrins described in this
section fall into one of three categories.

1. Binding of diatomic ligands such as cyanide and hydroxide anions as well as
diatomic oxygen.
2. Binding of nitrogen-containing heterocycles which can themselves be

synthetically modified to modulate binding behavior.
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3. Binding of any of the above ligands to porphyrins modified with functional
groups to control the binding of ligands through bulky groups on the ring
which limit the approach of exogenous ligands or incorporate such ligands
into the porphyrin itself.

Synthetically modified porphyrins include strapped porphyrins in which a multi-carbon
chain is covalently attached to the porphyrin ring on either side of the metal center to allow only
ligands of sufficiently small size to reach the metal.!** Another example are “hangman”
porphyrins which are popular in biomimetic catalysis research. Here, a functional group is
synthetically attached to the porphyrin ring so that it is held above the metal center where it can
hold a substrate in place through hydrogen bonding interactions.'*>!3¢ Also of interest are “picket
fence” porphyrins which do not explicitly block the coordination site but do introduce bulky
functional groups that help to create hydrophobic pockets analogous to enzyme active sites.®
Some examples of picket fence porphyrins incorporate axial ligands into the framework as
well.'*” All these motifs have found a place in CISCO research, further bridging the gap between

natural enzyme systems and the synthetic CISCO systems currently under development.

2.3.1.1 Iron Porphyrins
The first category of porphyrins we will examine are those that have the most similarities
with the hemoproteins we have already explored in Cytochrome P450 and Cytochrome ¢ and for
which many examples in the literature exist that are not explicitly focused on CISCO but contain
useful information for synthetic chemists. Early examples of CISCO in iron porphyrins were,
like other examples of CISCO as we will see, largely restricted to characterization of bound and
unbound adducts without much focus on reversible ligand-binding which might lead to the

development of molecular switches.
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Coordination of diatomic molecules to heme active sites is found throughout biological
systems to facilitate oxygen transport and molecular signaling.'*® Spin state is highly relevant to
these mechanisms.®® This prominence is mirrored in synthetic systems studied by researchers in
search of molecular analogues capable of elucidating the complex mechanisms of hemoproteins.
Reversible binding of NO has been an intense focus of research for decades owing to its
biological significance as a signaling molecule. Hemeproteins have exhibited multiple reactions
with NO which has been shown to have a role in various signaling processes and has been
implicated in iron-centered catalytic cycles together with H>S resulting in the synthesis of sulfide
and nitrosyl species thought to be important to cascade signaling processes.!**!4? An early
example of this research was carried out by Wayland and Olson in 1973 who explored the

M Tetraphenyporphyrin ([Fe''TPP]CI) both in a solution

pressure-dependent binding of NO to Fe
of toluene and as a frozen glass. The high-spin (S=5/2) state remained constant at both 293 K and
77 K indicating that no temperature-dependent SCO occurs in the unbound [Fe'"TPP]CI. Only
when exposed to gaseous NO did [Fe"TPP]CI convert to a low-spin (S=1/2) state. Furthermore,
this transition was shown to be reversible on a relatively long timescale by removing the gaseous
NO allowing [Fe"'TPP]CI to release the bound NO gas and return to its initial high-spin state

over the span of one hour.!*! More recent studies of water-soluble Fe!"

porphyrins have also
displayed reversible binding to NO accompanied by a change in spin-state.'*? Photoinduced
dissociation of NO has also been reported.'*’

Whereas binding to diatomic ligands has immediate parallels to the binding of diatomic
substrates in natural systems, the bonding of N-containing heterocylces such as pyridine or

imidazole offer many options for synthetic modification to achieve desired binding properties

through the introduction of steric bulk or modulation the electron-donating ability of the nitrogen
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heteroatom. Like bonding to diatomic molecules, the study of iron porphyrin interactions with N-
containing heterocycles has long been an area of interest and there are early indications of spin
crossover accompanying pyridine coordination to [Fe"TPP]CI evidenced by both a shift of
reduction potentials and breaking of electrochemical reversibility reported by Kadish et al, who

also explored the influence of the Hammett parameters of the substituted pyridine ligands.'*?

I

Association constants for some of these Fe™ porphyrins with pyridine is higher than what has

I

been reported for Ni'! porphyrins but lower than values reported for Co™ porphyrins. LogK; and

M porphyrin range from 1.85-2.44 and 0.78-1.29 respectively.'*® Ligand

logK> values for Fe
structure and interactions with the larger complex, Low-spin adducts of [Fe'(TPPBr)(1-
Melm),](C10O4) have been evaluated using EPR and X-ray crystallography and compared to
mixed intermediate and high-spin states in the corresponding methanol and water complexes
respectively. Hydrogen bonding was shown to be one of the key differences in the conformation
of the porphyrins in question and in the case of water/methanol contributed to the stabilization of
the low- and intermediate-spin states.'**

These examples are not necessarily within the scope of CISCO laid out for this review as
there was no reversible binding reported for either of the kind that could be used to create a
chemical switch, but they do establish that the presence of an axial bound heterocycle may
induce a particular spin state in an iron porphyrin system. All that is needed then to create a
chemical switch from these systems is to find an appropriate stimulus. Light is one such stimulus
and has been used in a particularly interesting spin switch which showcases the synthetic
versatility of N-containing heterocycles in designing customizable chemical switches. Solvent

effects for an [Fe'"TPP](C104) showed that the porphyrin assumes a mixed spin state of S=5/2

and S=3/2 in acetone where two acetonate solvent molecules are bound as axial ligands, as well
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as in cases of mixed ligand involved both acetone and dimethyl sulfoxide, while ligation with
dimethyl sulfoxide alone favored only the S=5/2 high-spin state. Coordination of a pyridine
ligand, however, yields a low-spin S=1/2 complex. A switching mechanism for this system was
devised by Shankar and coworkers through synthetic modification of a pyridine ligand with an
azo-bridged substituent at the meta position. Photoinduced cis/frans isomerization of this azo-
bridge served to control the coordination of the ligand and thus the spin state of the
[Fe"TPPP](C104) complex through the steric hindrance introduced by the trans isomer to
achieve a switching efficiency of 76%. These ligands could form both 1:1 and 1:2 adducts.

While porphyrins alone may demonstrate many interesting chemical properties with
interesting coordination environments there is a limit to how complex a CISCO mechanism may
be without other structure features added to the ring. To create more complicated systems,
especially ones which more closely mimic the complicated active sites found in enzymes where
axial-coordination of amino acid residues and interactions within hydrophilic or hydrophobic
pockets control which substrates can reach the active site. Researchers have increasingly looked
to synthetically modified porphyrins with functional groups that introduce added steric bulk,
enclose one axial position, or even incorporate an axial ligand into the structure. Many of these
developments come from an interest in oxygen binding and other forms of catalysis. Oftentimes
these involve a hanging functional group above the axial site which helps hold a substrate in a
desired conformation above the active site which may also include a coordinating moiety on the
opposite side of the porphyrin scaffold at the other axial position. In most cases the proximal
base is included not as a spin switch but as a way to ensure that the metal center remains set in
the spin state desired for the complex’s catalytic activity by inducing a larger ligand field

strength. But there are examples of reversible binding of the proximal base including a triazolate-
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strapped iron porphyrin investigated by Peters et al.”

which undergoes a multistep CISCO
mechanism beginning with a proximal axial ligand which switchable binding that in its “on”

state prepared the metal center for a reversible coordination to a photo-switchable ligand similar

to that seen in Shankar’s work (Figure 19).!43

S=5/2 S=5/2 S=1/2

Figure 19: pH-dependent mechanism of CISCO for a triazolate-strapped Fe™!

Shankar et al.'*

porphyrin. Adapted from

1T

In this system’s resting state, a 1,2,3-triazolate is held above the Fe' metal center opposite

a chloride ligand. In this configuration the iron center is in a high-spin S=5/2 state. The

introduction of a base in solution deprotonates the triazolate and a dramatic conformational

111

change ensues as the negatively charged triazolate moves to coordinate to the Fe'" center and

simultaneously displaces the chloride ligand which occupies the other axial coordination site.

This first binding event activates the metal center towards binding an additional ligand, which

11

causes the Fe™ center to assume a low-spin S=1/2 state. This second ligand may be one of

several heterocycles including triazolate rings and p-methoxypyridine which may serve to both

I

deprotonate the triazole group and act as a ligand coordinating to the Fe™ center, but most

notable was a photo-dissociable ligand similar to that employed by Shankar at al., here the p-
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methoxy version used by Shankar was replaced by a chlorine substituted variant instead. The
reason for this, according to the authors, was that the p-methoxy variant would not dissociate in
the cis conformation while the chloride derivative did so readily.”® With the inclusion of this
photo-dissociable ligand both binding events are made reversible. The initial triazolate binding
may be reversed through the addition of hydrochloric acid and the binding of p-methoxypyridine

can be reversed through a photoinduced cis/trans isomerization of the pyridine ligand.

2.3.1.2 Cobalt Porphyrins
There is a notable absence of research CISCO in cobalt porphyrin systems in the current
literature despite the importance of vitamin Bi2 and other cobalt porphyrin groups in biochemical
systems. !¢ There are however multiple electrochemical studies in the literature where the
binding of exogenous pyridine ligands induces shifts in measured redox potentials. This could be

/11 redox

a sign that ligand binding is modulating the spin exchange equilibrium for the Co
couple.

An example of this was published by Yan et al. They observed a change in the
electrochemistry of cobalt tetraphenylporphyrin in the presence of pyridine. Here they observed
a marked shift in both reduction and oxidation potentials was observed. Following the addition
of pyridine the oxidation peak shifted from 0.8 V vs SCE to 0.34 V vs SCE while the single
reduction peak at 0.678 V vs SCE split and became two peaks at 0.25 V vs SCE and -0.40 V vs
SCE which was attributed to the [Co(TPP)(py)] and [Co'TPP(py).] adducts respectively.'*’
Other examples in the literature study these interactions in more depth, although it can be
difficult to judge the electrochemical irreversibility in cases where the authors chose to report

only half-potentials. Truxillo et al. investigated the effect of added pyridine on the half-wave

potentials of Co"™"TPP and Co™'TPP redox couples. Results obtained in the course of these
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studies indicated shifts in the reduction potentials of both the Co™™ and Co"! states attributed to
dipyridyl and monopyridyl adducts respectively. A negative shift in the half-wave potentials of
320 mV was reported for Coand 730 mV for Co'™.!*8 Similar results were observed by Kadish

et al.'* and by Jester et al.'* Association constants for Co'™

porphyrins are high indicating that
these presumed lo-spin adducts form readily. Values for logK; range from 3.65 to 4.15
depending on solvent conditions and porphyrin structure while association constants for Co™
porphyrins are considerably lower with logK; values ranging from 1.15 to 1.58.!*3 The low Co™

1T

association constants compared to Co™" support the hypothesis that pyridine is dissociating

11

following reduction of the Co™ state although one author did report the presence of a mono-

I complex. !

pyridyl Co" adduct following the reduction of the dipyridyl Co
None of the authors in the above examples chose to discuss the spin states of the cobalt
porphyrins under study. Given that Co'™ is known to favor six-coordinate low-spin coordination
environments it is not unreasonable to assume that the formation of a low-spin [Co™'TPP(py)2]"
is responsible for the negative shifts in reduction potential. With the high association constants

reported in literature these systems have the potential to become reliable ligand-regulated spin

switches if more attention is devoted to studying them.

2.3.1.3 Nickel Porphyrins
Ni" porphyrins are unique among the compounds we cover here. With eight d-electrons,
Ni'l is not normally included in discussions of spin crossover, although some authors have
described spin crossover and “spin crossover like” behavior in complexes of Ni'' in non-CISCO
contexts.’*13! Within the growing CISCO subfield Ni"' complexes have achieved a place of
prominence with many creative examples of molecular machinery intended to control ligand

binding. Instead of undergoing a spin transition from high-spin to low-spin upon coordination,
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Ni" porphyrins switch from low-spin to high-spin upon ligand coordination. This interaction is

shown in Figure 20.
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Figure 20: Electronic reaarangment in a Ni'l porphyrin following coordination. Adapted in part from similar
figures by Thies et al.'**

This is a consequence of changes to the electronic structure of the nickel (II) metal center
as additional ligands are added and changes to its geometry result. With the addition of the first
ligand the initial square planar four coordinate nickel (II) assumes a five-coordinate square
pyramidal geometry. This change lowers the energy gap between the dx*,>and d,?, allowing the
previously paired electrons residing in the d, orbital to separate with one electron moving to the
dy*.,? orbital giving an overall spin of S=1. The addition of a second ligand converts the complex

to an octahedral geometry where the two orbitals are now degenerate, thereby serving to stabilize

M porphyrins.

the high-spin state. This interaction is not as highly favored as is the case for Co
Association constants, determined at room temperature, describing the formation of the pyridine
adducts in solution are low, but sufficient to induce a spin change with logK values ranging
from -0.17 to 1.48 and logK> values ranging from 1.06 to 1.36.%®

Interactions between Ni'! porphyrin and heterocycles have been a subject of study for

decades.!*>!% Recent studies of CISCO interactions with discrete ligands in solution have been

performed by Thies through simply titration with pyridine and also in a switchable context using
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the photo-isomerizable ligand 3-phenyl-azopyridine and found that the percentage of complex
converted to high-spin could be varied via irradiation with different wavelengths of light.>-124

CISCO at air-water and metal interfaces has been an area of interest.'*!5 Switchable CISCO

has been show in in these interfacial environments in the case of light-induced coordination of
pyridine on TiO> thin films.**

This behavior is notable not only for being unique among CISCO complexes, but also
because the “inverse” transition makes these compounds more useful in other contexts. One
proposed application of Ni"l porphyrins that would particularly benefit from this are MRI
contrast agents as an appropriate photosensitive ligand would allow these sensitizers to be

activated through a conversion to a high-spin state in regions of particular interest.'*® This

advantage has been highlighted in the work of Dommaschk et al featuring the Ni'' porphyrin Ni-

TPPF»0, with photo-dissociable ligands in water (Figure 21).
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Figure 21: Water-soluble light-driven CISCO porphyrin spin switch demonstrated. Structures adapted from
Dommaschk et al.*°

Ni-TPPFyg is water soluble thanks to the inclusion on glycerol side chains connected to
the porphyrin ring, which when coordinated to the Ni" center ensures a sufficiently electron-
deficient environment to encourage axial coordination. Upon axial coordination, the complex
assumes a paramagnetic S=1 state.’® This water-soluble porphyrin concept was later combined

with that of a porphyrin incorporating a 3-pheynyl-azopyridine proximal ligand, which achieved



control over the coordination of this substituent through the cis/trans isomerization induced in
the azopyridine at 500 and 430 nm,'%” resulting in a water-soluble record-player porphyrin that
showed photo-induced CISCO. Interestingly, the azopyridine in this case was further modified
with an additional electron-donating hydroxyl to increase the basicity of the proximal ligand,

basicity that could be further increased by deprotonation of this hydroxyl group.'>®

2.3.2 Metallo Salens

Salens or salophens, are a popular group of chelating organic ligands which encompass a
wide array of structure motifs all arranged around a common core structure consisting of a pair
of phenolate oxygen donors alongside a pair of Schiff base nitrogen donors. The generic
structure of the salen ligand is shown in Figure 22 with the synthetically modifiable groups
labelled as Ri, R2, and R3 respectively.
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Figure 22: Generalized structure of a metal salen complex where Ri1, Rz, and R3 represent structural features
that may be changes synthetically to tune behavior.

Most salens are tetradentate ligands favoring square planar coordination to the metal
center leaving two open coordination sites. Owing to their ability to coordinate to metal ions in a
variety of oxidation states and the ease of synthesis, salens have become popular scaffolds for
new transition metal catalysts.!>*!0 Like porphyrins, salens can be readily modified using
conventional synthetic techniques. Classical salens are tetradentate ligands, but modification of

the bridge between the two phenolate moieties (R1) may introduce an additional nitrogenous base
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to give a pentadentate ligand. This modification alone is immediately of interest to any
researcher looking to design a new CISCO molecule as this modification will change the number
of open coordination sites available to an exogenous ligand from two to one. The R> and R3
positions are also significant. Both positions allow for modifications to the electron distribution
across the molecule to tune redox properties and the acidity of the metal center.!6!-16?
Additionally, modifications at R3 might allow for other changes relevant to CISCO such as the
addition of sterically bulky groups to regulate binding.'**!% R, could also be modified to confer
changes in solubility or to allow incorporation into polymeric materials.!'®

Many salens display thermal SCO behavior. Most of the available studies focus on the
properties of both bound and unbound salens with iron, manganese, and cobalt metal centers.'®”
171 This research is often carried out in the context of catalysis and there are few examples of
salens investigated as molecular switches. While this research may not explicitly focus on SCO
behavior, the catalytic mechanisms typically involve oxygen binding to the salen metal center
before reacting with substrate molecules. While SCO is often not explicitly the focus of this
research the existing literature may be instructive for future salen CISCO work. Salens are often
used as asymmetric catalysts where coordination to and dissociation from the metal center are
vital to their mechanisms.'%170:172-174 O ftentimes four-coordinate salens are synthesized with an
additional axial ligand which influences the behavior of the catalysts.!”>"17” The addition of these
ligands and the improvements to catalytic efficiency speak to the influence of the exogenous
ligand on the metal center. All that would be needed to exploit this influence for CISCO is to
find an appropriate mechanism to regulate binding.

In the 1980s Kennedy and coworkers published the results of numerous studies of cobalt

and iron salens undergoing thermal SCO in a variety of conditions.'®""!%® One of these works
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reported on the tunable thermal SCO behavior of a four-coordinate cobalt(II) salen. It was found
that the transition temperature of the Lewis base adducts of this salen varied along with the
structure of the Lewis base involved including imidazole and benzimidazole derivatives. In the
case of one variant, a cobalt salophen complex coordinated to 2-methylimidazole a high-spin
state was seen to be favored and attributed to structure distortions associated with ligand
binding.'®® Similar cobalt(I) salens and their pyridyl adducts have since be studied using EPR
where a similar correlation was found between sigma-donor strength and the increased formation
of the high-spin adduct.’” These examples are interesting, but due to the d’ configuration of the
Co' metal center a diamagnetic low-spin state remains unobtainable. Like cobalt porphyrins, it
would seem that much of the potential utility for cobalt salens as spin switches may require the
incorporation of redox changes as well.

Zhang et al have investigated a Co'™

salen bound to 1-methylimidazole where the redox
properties could be modulated by changing the substituents on the salen’s phenolate rings.
Crucially, the electrochemistry indicated a significant electronic rearrangement upon conversion
to the Co'' state indicating that 1-methylimidazole dissociates upon reduction. Differences in
electrochemical behavior were also shown for synthetic variants of 1-methylimidazole coumarin
ligands, demonstrating a relationship between axial ligand structure and electrochemistry.!®3
These results are encouraging for the development of chemical spin switches based on CISCO
interactions and agrees well with data collected in our own research. Cobalt bissalen complexes

synthesized for use as electrocatalysts in our lab have shown spin crossover behavior as part of

their catalytic cycle.!” This led to the investigation of a simpler cobalt salen seen in Figure 23.
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Figure 23: Structure of five-coordinate cobalt salen synthesized by Buchwald et al. Adapted from similar
figures in the original publication.'?

The spin state of this salen can be altered through a redox reaction that convert the
complex that coverts the cobalt center from a high-spin d” Co' to a high-spin d® Co™. This high-

' can be converted to a low-spin state by coordination of pyridine which also results in

spin Co
increased reduction potentials much like behavior seen in cytochromes.!!!!7:123 Further research
by our group has demonstrated that this behavior can be modulated by changing the axial ligand
and has been investigated using pyridine-derivatives, nitrogen heterocycles, as well as a handful
of anions.

Other salens of interest include the Ni'' complexes not unlike the nickel(II) porphyrins
synthesized by the Herges group in terms of CISCO behavior have been synthesized by
Brandenburg and co-workers. These Ni' salph complexes (Figure 24) feature four-coordinate

ligands with two open coordination sites allowing two equivalents of pyridine to coordinate to

the metal center and induce a LS to HS transition not unlike similar transitions seen in nickel(II)

porphyrins. 3179
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Figure 24: Nickel(II) saluculidenpropylene iminate complexes synthesized by Brandenburg et. al. (1)
[Ni(salpn)], (2) [Ni(salpnCF3)], (3) [Ni(salpntBuCF3)], (4) [Ni(salpnSbenz)]. Structures are adapted from
similar figures in the original publication.'*

Their work primarily focused on the investigation of these saph complexes with a variety
of Ri, Rz, and R3 substituents. Two of these salens, [Ni(salpn)] and [Ni(salpnSbenz)] included no
added substituents on the phenol rings while [Ni(salpnCF3)] included electron-withdrawing CF3
groups at the R» positions and [Ni(salpntBuCF3)] added bulky t-butyl groups to the Rz position.
Perhaps unsurprisingly, the CF3 modified salens demonstrated an increased affinity for pyridine
upon titration likely owning the increased in Ni'’s Lewis acidity caused by the electron
withdrawing CF3 groups. Modification at the R position in the case of [Ni(salpnSbenz)] on the
other hand was seen to decrease the complex’s affinity for pyridine. Also of note was the
interesting behavior attributed to the CF3 groups which led to aggregations of the complex to
form dimers which were broken up by the coordination of pyridine.'8’ Most striking about this
series of molecules is [Ni(salpnSbenz)], which hints at future variations of this complex which
incorporate proximal ligands into the salen backbone. Here, the inclusion of this added
functional group at the R3 position decreased the complexes overall affinity for pyridine, but this
is a shortcoming that could be overcome in the future with a proximal ligand modified with
electron-donating groups to increase the basicity of the proximal ligand and enforce binding.

In summary, there are a number of intriguing salen complexes that display signs of

CISCO upon ligand coordination but there are clear gaps in this segment of CISCO research that
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have yet to be filled. Given the importance of salens in catalysis it may not be unreasonable to
suggest that more detailed studied of CISCO interactions might lead to the development of new
catalysts with tunable reactivities. Other applications could include sensors and molecular
switches in general as well. This would likely require the design of new salen ligands
incorporating Lewis basic pendant groups as some authors have already indicated interest in

exploring.

2.3.3 Other Coordination Compounds

Research into ligand binding in non-porphyrin compounds where spin crossover is the
focus is somewhat more difficult. This is surprising since the prevalence of these interactions in a
wide array of natural systems peaks to their utility. It stands to reason that while porphyrins that
undergo CISCO may be versatile, exploring alternative ligand structures may lead to yet more
functionalities and enable the design of new catalysts and chemical sensors. Fortunately, while
porphyrins have gotten a great deal of the spotlight for several decades, there have been multiple
examples of CISCO in recent years as the field continues to develop. This section seeks to
highlight selected examples of CISCO and the mechanisms through which ligand coordination

can be controlled.

2.3.3.1 pH Dependent SCO in [Fe(bipy)3]**
One particularly interesting example in recent years has been presented by Nowak et al.'8!
Rather than inducing CISCO through the introduction of an extraneous ligand, Nowak and
coworkers reported reversible spin state switching in diamagnetic tris(bipyridine)iron)(II)

([Fe(bipy)3]*"), seen in Figure 25, and bis(2,6-bis(1H-pyrazol-3-yl)pyridine)iron(ii)

([Fe(bpp)2]*") through a reversible protonation.
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Figure 25: Mechanism of pH-dependent spin-crossover in [Fe(bipy)s]?*. Adapted from Nowak et al.!s!
Initial experiments on [Fe(bpp)2][BF4]» revealed an SCO transition with a T, near room
temperature, indicating that the weak ligand field compared to the trisbipy complex allows for
easy conversion between spin states.!®? Conversely, [Fe(bipy);]Cl> was shown to be entirely
diamagnetic as a result of the strong field 2,2’-bipyridine ligands. At pH 1 the nitrogen of one of
the coordinated bipyridines is protonated to form [Fe(bipy)sH]**. This new species is also
diamagnetic, but the protonation is followed by a weakening of the nitrogen-iron bond and
presumably a decrease in ligand field splitting energy, allowing the iron(Il) center to transition to
a paramagnetic state upon heating. Additionally, the SCO behavior of this complex when
embedded in the zeolite faujasite NaY was also investigated. This zeolite was sufficiently acidic
to induce the previously observed SCO changes from LS to HS with the removal of water by
heating until an internal pH of 1 was achieved. Results indicated that behavior was highly
influenced by the zeolite environment. This unusual example of reversible SCO is an excellent
example of a complex with potential applications in chemical sensing and, as the authors note,

MRI contrast agents, and highlights the diversity of approaches available to tune the strength of

the coordination environment.

2.3.3.2 Fluorescent-Linked Spin Crossover in Planar Ni'' Schiff Bases

CISCO behavior has been reported in a series of unique planar Ni" complexes in solutions
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of chloroform and pyridine. In this complex (Figure 26) the Ni'' metal center is located in a
Schiff base moiety featuring two synthetically variable R groups with an N>O> coordination
environment reminiscent of many four-coordinate salen complexes. Multiple R-group
substituents were demonstrated including COOEt, COOOMe, and COMe, at the R; positions and
CHs, CF3 at the R; positions. Like those four-coordinate salens, this nickel(Il) Schiff base
provides two open coordination sites which can be occupied by an axial ligand. In the initial
square-planar S=0 state three of the four investigated complexes showed fluorescent behavior

when excited with light at 430 or 431 nm.
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Figure 26: The planar Schiff base synthesized by Kurz et al. Adapted from similar figures in the original
publication.'®3

Coordination of the first axial ligand enforces a square-pyramidal geometry with a full
octahedral environment achieved by coordination of a second ligand. Coordination both induced
a conversion to an S=1 state and also caused a bleaching effect and after coordination no
fluorescence was observed. Binding affinity is similar to that of Ni'' porphyrins and pyridine.
Results indicated that the R» substituent could also influence binding behavior and the nickel(II)
center was markedly more acidic in the case of the CF3 variant with logK values ranging from

0.88-1.08 depending on the ligand used.'®* This complex is notable not only for its CISCO
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behavior but also its fluorescent properties as well giving it a versatility not seen in other

complexes.

2.3.3.3 CISCO in a Ni" Dipyridyl Complex
Building on the extensive work now available in the literature on CISCO in nickel(II)
porphyrins, Klall and coworkers evaluated a unique dipyridyl nickel(II) complex seen in Figure

27 that displayed a low-spin to high-spin shift upon coordination by pyridine.!”

o)
> g =
o} - I\o ©
@

S=0 S=1 S=1

Figure 27: The nickel dipyrdyl complex synthesized by Klaf} and coworkers shown with interactions with
pyridine in solution. Structures adapted from similar figures in the original publication.'”

Design of the dipyridyl ligand was assisted by computer simulations to screen for
structures that would yield promising binding properties. Structures that would be amenable to
future synthetic modifications to include azide switches and other functional groups were
explicitly sought out. Like other systems, association of the pyridine ligands is temperature
dependent. LogK for this complex was larger than what has been reported for Ni"! porphyrins at
2.39 with logK> an order of magnitude lower at 1.46. Notably, the resulting complex displayed
some level of paramagnetic behavior prior to the addition of pyridines. Calculations then showed
that the carbonyl groups were able to coordinate to the nickel(Il) centers of adjacent complexes
forming dimers in solution and even adducts in which the metal center was coordinated to one

pyridine moiety and one adjacent complex simultaneously.
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2.3.3.4 Crystaline CISCO in a Dinuclear Ni'"' Complex

An outlier among the complexes highlighted here, this recently reported dinuclear
nickel(IT) complex [Niz(hbth)(py)s] which in the solid phase displayed thermally driven CICSCO
behavior. Shown in Figure 28, this complex two nickel centers are linked by an N'1,N'4-bis((E)-
2-hydroxybenzyli-dene)terephthalohydrazide ligand and each metal center is coordinated by an
additional three pyridine ligands each. Crystals of this complex were prepared by slow
evaporation giving a red crystalline solid with intercalated methanol molecules incorporated into
the structure. These crystals are red but upon heating at 135 °C turn to a pink color as the crystal
structure rearranges and two pyridines dissociate form each metal center. This is accompanied by
a transition from a high-spin S=1 state to a low-spin S=0 state. Soaking the crystals in pyridine

restored the initial high-spin state.!®*
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Figure 28: Structure of [Niz(hbth)(py)s] and its loss of pyridine after heating. Adapted from Zhao et al.'3*
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2.3.3.5 Cobaloximes
In looking at the current literature on cobaloximes, one can conclude that further research
into the complex could provide interesting insight and a greater understanding of CISCO.
Cobaloximes (Figure 29) are compounds in which cobalt is coordinated to two diglyoxime
ligands.'®> The molecule can then be further modified by bridging the two diglyoxime ligands
with molecules such as BF2, changing the functional groups on the ligands, or coordinating axial

ligands to the cobalt center. 8187

Figure 29: Structure of a typical cobaloxime with pyridine and chloride as axial ligands.

Much of the current research on these complexes focuses on studying the molecule as a
vitamin B> model and as a catalyst for hydrogen evolution.'8!®® Axial ligation is an important
factor due to the influence they exert on ligand exchange steps in the catalytic cycle.'"°! While
it has been reported that the cobaloxime [Co(dmgBF,):] is low spin (S=1/2) in the Co' state, !>
not much research has gone into evaluating the spin of the metal upon changing the coordinated
ligands to the complex. Like cobalt porphyrins, there is a lack of explicit CISCO in the
cobaloxime literature but several examples of published electrochemical studies that may
indicate underlying CISCO interactions.

One example of this is in the work by Razavet et al where they evaluated cobaloximes as
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catalysts for water splitting.!®® In particular, interesting data to hint at the possible presence of
RCSCO in the complex, is from their evaluation of the electrochemistry of cobaloximes of the
form [Co(dmgH)2(py)X] where dmgH is dimethylglyoxime and X is CI, or I'. While Razavet
and coworkers had an interest in looking at the coordination of the axial ligands upon reducing
cobalt from Co™ to Co!, it was determined that upon reducing the metal from the +3 to +2 state,
one ligand came off, in particular the more labile halide, resulting in the presence of an

/11

irreversible Co™! wave in the CV of the complexes.!®® This resulted in the complexes having

/11 /1

Co"™! reduction peaks at different potentials, while the Co™! oxidation peaks and Co™! redox
waves appeared at the same potentials. This is interesting data, as it indicates the dependence of
the coordination to the metal center on the oxidation state of the metal, in addition to the
dependence of the potential at which the complex reduces from Co' to Co™ on the axial ligand
that dissociates. However, while this initial data is promising for the possible presence of

RCSCO in these complexes, Razavet and coworkers then went on to explain that the

coordination of the halides is slow in the reverse process. This was concluded as once the

I TI/11

complex had been oxidized back to the Co™" state, a quasi-reversible Co™"" wave was seen in the
initial successive CVs in addition to the initial irreversible wave, the presence of this new
reduction peak due to the reduction of [Co(dmgH)x(py)]*.!”® This would make these complexes
less favorable for applications in which a quick conversion between the 6-coordinate Co™ and 5-
coordinate Co'! states is desired. Furthermore, more insight into the process is needed,
particularly in if this change in coordination and oxidation state is in fact paired with a change in
spin to determine if RCSCO is present in these complexes.

While more research is needed to evaluate the presence of RCSCO or CISCO in these

complexes, available data further demonstrates the ability to fine tune the electrochemistry of
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these complexes. In particular, the electrochemistry of the complex is able to be fine-tuned by
changing the substituent on the diglyoxime ligands.'®” This was demonstrated in the work by
Solis and Hammes-Schiffer, in which they calculated reduction potentials for cobaloximes of the
form [Co(dRgBF2),] where R is CN, CF3, Cl, H, C¢Hs, CH3;, OCH3, OH, or NH; using DFT.'%
The significance in using these substituents is in the idea that one can study the impact of the
functional group on the electrochemistry of the complex using the substituent’s Hammett
parameter, the chosen substituents providing a range of both positive and negative Hammet
parameters.'®” Solis and Hammes-Schiffer found that upon changing the substituent from a more
electron withdrawing to a more electron donating group the Co™™ and Co™! reduction potentials
became more negative, the potential difference between these peaks increasing when moving
towards more electron donating groups.'®” This demonstrates the ability to fine tune the
electrochemistry of the complex based on the substituents of the ligand in addition to the axial
ligands bound to the cobalt center, giving scientists the greater ability to functionalize the

molecule for their desired applications.

2.4 Conclusion

CISCO is a growing field of research with many opportunities for further progress. There
exists a rich variety of both natural and synthetic CISCO systems. Most examples of CISCO
research are focused on naturally occurring enzymes, their derivatives, and on synthetic,
porphyrin-based analogues of these natural systems. Many of these porphyrin systems have
become quite sophisticated in a relatively short time with axial ligands incorporated into the
ligand scaffold and molecular machinery capable of inducing spin crossover on demand.

Currently there are numerous paths forward that may prove fruitful. Many complexes

have shown promising spin changes upon the coordination of axial ligands but in many instances
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mechanisms to control these interactions reversibly have yet to be explored. The light- and pH-
activated switching mechanisms that have so far been seen in Ni" and Fe'"" porphyrins warrant
more attention and research into how these mechanisms might be incorporated into other ligand
scaffolds may prove to be exceptionally fruitful.

Additionally, these proximal ligand mechanisms have not yet been investigated in redox-
active systems. Given that CISCO in biochemical systems is often an important control
mechanism in electron transport chains it is surprising that there remains so few electrochemical

studies of synthetic systems. The examples that do exist of Co'™

redox couples studied in
conjunction with exogenous ligands provide an example of how coupling RCSCO and CISCO
mechanisms might enable the discovery of novel SCO materials. With these avenues for future
research available there are many opportunities for growth in the field of CISCO research which

is sure to grow in the comings years as its unique switching mechanisms continue to attract

interest.
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3. LIGAND-DEPENDENT REDOX-COUPLED SPIN
CROSSOVER OF A FIVE COORDINATE COBALT SALEN
COMPLEX

The electrochemical and spectroscopic behavior of a five-coordinate cobalt (III) salen
(Co'"'SIn™), where Sln is N,N'-bis(3,5-di-tert-butyl-2-hydroxybenzyliden)-1,7-diamino-4-
methyl-4-azaheptane, is examined in the presence of a series of exogenous ligands. In non-
coordinating solvents, and in the absence of suitable ligands, Co™SIn" prefers a high-spin
configuration (S = 2/2) and has trigonal bipyramidal geometry. The binding of pyridyl- or
imidazole-based ligands generate an octahedral complex that is low-spin (S = 0). X-ray
crystallographic structures are reported for [Co™'SIn-ampy]|Cl, [Co™'SIn-ampy](SbFs), and
[Co''SIn-cnpy](SbFé), all confirming the octahedral coordination environment. In the absence
of exogenous ligands, Co™SIn" displays an electrochemically reversible redox wave in cyclic
voltammograms for the Co™™ couple (E12=-0.59 V vs Fc”"). The addition of various ligands
(L) to the electrolyte induces a pronounced increase in the anodic-cathodic peak splitting (E%hs —
E’i5) due to a redox-coupled spin-crossover (RCSCO) mechanism. The reduction potential of
Co''SIn-L* (E°) is highly dependent on the nature and charge of L. To better understand the
relationship between ligand properties and the observed electrochemical shift, we performed
spectroscopic binding studies of Co''SIn* and established a correlation of the observed cathodic
peak potentials to well-established thermodynamic parameters, including Hammett parameters of
para-substituted pyridines and gas phase basicity (GPB) of all ligands. The broad range of
anodic/cathodic peak splitting generated by this series of ligands with Co'™SIn-L" highlights the

ability to tune the RCSCO properties and redox bistability of a complex through coordination

Portions of this chapter are in preparation as: McCabe, C. A.; Mitchell, A. L.; Bonitatibus, P. J.; Dinolfo, P. H. Ligand-
Dependent Redox-Coupled Spin Crossover of a Five Coordinate Cobalt Salen Complex.
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changes with exogenous ligands.

3.1 Introduction

Spin crossover (SCO) is one of the most interesting and widely studied phenomena in
transition metal complexes, in part due to the possible technological applications of such species
in molecular electronics, memory storage, electrochromics, and display devices.***"-!%* Spin-
crossover has received repeat interest from the inorganic chemistry community ever since the
phenomenon was discovered in the early 1930s.1:!% This interest is primarily due to the ease
with which the spin-crossover phenomenon can be observed. These transitions are often
accompanied by changes in unit cell volume, bond length, magnetic moment, and color. Because
these changes are so readily detectible, spin-crossover materials are potentially useful in any
application where control over one or all of those properties is desired.***!

Theoretically, any transition metal complex in octahedral coordination with an electron
configuration from d*-~d’ may exhibit SCO effects, i.e. 2+ and 3+ ions of Cr, Mn, Fe, and Co.
The exact conditions needed to induce spin-crossover depend on the strength of the ligand field,
in particular the interplay between the octahedral ligand-field splitting parameter (Ao) and the
ligand pairing energy (II). If Ao is large relative to I the complex will tend to favor a low-spin
configuration. If IT is large and Ao is small, then the complex will favor a high-spin electronic
arrangement. Spin crossover occurs in complexes where Ao and II are about equal, allowing the
d-electrons to assume new configurations in response to external stimuli, such as changes in
temperature, pressure, light absorption, and magnetic fields; however, metastable spin states for
these complexes often require low temperatures.

Coupling a SCO event to a change in redox state offers a way to increase the room

temperature stability of individual spin states through large changes in the ligand field
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environment around the metal center. Redox-coupled spin-crossover (RCSCO) processes, also

196,197

referred to as charge transfer induced spin transitions, are often utilized in enzymatic

reactions to control substrate binding, electron transfer events, and catalytic reactions. %1%
While more common for Fe species, RCSCO has been observed in a number of Co coordination
complexes, #1:79,52:84200-202
In these cases, the Co' ions prefers a high-spin configuration (t2¢° €42, S = 3/2), while the
Co'™ is low-spin (t2¢®, S = 0).2° There is some debate as to the mechanism for this RCSCO
reaction as to whether it is a step-wise or concerted process.”®?%42% This RCSCO process can be
described by a square scheme as shown in Figure 30, with separate spin crossover and electron
transfer steps. Here, the horizontal steps are electrochemical reactions for the LS and HS states
for the Co™! couple, with potentials of E°s and E%s respectively. The vertical processes are low-
spin to high-spin conversions in the individual redox states with spin exchange equilibrium
constants Ko+ and K3+ describing the formation of the HS state. In most RCSCO complexes,

Kse 2+ > Ke 3+ and E°hs > E°s due to the higher ligand field strength of the 3+ metal center. The

electrode potentials and spin-equilibrium constants are related by:°

RT Kse,
B — ES = () In (J) (1)

Kse3+
The difference in potential between high-spin and low-spin states (Ehs — E%5) will likely
be a key parameter in determining the redox bistability of an RCSCO complex in the absence of
an applied potential. A large separation in redox potentials will likely provide the hysteresis that
is so desired in SCO systems. This redox potential difference is enhanced when the Co' state

11

strongly prefers a HS configuration (large Kse2+) and the Co™ stabilizes the LS configuration

(small Kge3+).
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Figure 30: Square scheme for the RCSCO process between Co'/Co™ showing individual spin crossover and

electron transfer steps. Adapted in part from Turner and Schultz.%

We have previously characterized the spin modulation and electrochemical behavior of a
five-coordinate Co™ Salen complex (Co™SIn*, Figure 31) that undergoes RCSCO in the
presence of a suitable Lewis base, such as pyridine or acetonitrile, to form Co™SIn-L*.!%> We
initially prepared this molecule as a model compound to help us understand the electrochemical
behavior a dicobalt bis-salen proton reduction catalyst.!782% CoM'SIn* is air-stable with a
trigonal bipyramidal geometry and prefers a high-spin triplet ground state. Introduction of an
exogenous ligand such as pyridine or acetonitrile yields a six-coordinate complex with low-spin
ground state. Notably, the reduced Co"SIn has a low binding affinity for pyridine and has a
similar trigonal bipyrimidyl geometry as Co'SIn* but with slightly longer bond lengths. 2327
Cyclic voltammograms (CVs) of Co''SIn alone in a non-coordinating solvent, such as
dichloromethane (DCM), yield a quasi-reversible wave at -0.59 V versus ferrocene/ferrocenium
(Fc”") that is assigned to the Co™™ couple. Upon addition of pyridine to the electrolyte, the
RCSCO properties of this compound are clearly evident from the large separation (~700 mV) of

1

the cathodic and anodic waves for the Co™"" couple.
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Figure 31: Schematic representation of trigonal bipyramidal Co™SIn" and the coordination of a suitable
ligand (L) to form the octahedrally coordinated Co™SIn-L*.

Though not always explicitly described as RCSCO, there are several examples where
coordination of a ligand such as pyridine or imidazole induces a large cathodic-anodic peak

I ¢ouple due to coordination induced SCO. These include porphyrins, 47

splitting for the Co
four-coordinate salens,*’ and Schiff base ligands.?*”® Several Co salen complexes have been
investigated for both ligand- and temperature-dependent SCO.'®® In many instances, the precise
nature of the axial ligands bound to the metal center have been shown to have a pronounced
effect on spin-state.

In an effort to control the redox bistability of Co™SIn* and better understand the factors
that control RCSCO in related complexes, we have examined the electrochemical behavior of
this complex in the presence of a wider variety of Lewis bases to establish empirical trends based
on the structure of the ligands (L). We have established a correlation of the reduction potential of
Co'"'SIn-L* with the Hammett parameter for the substituted pyridyl based ligands and the gas

phase basicity of all ligands examined. Additionally, we report the structure of three additional

Co"'SIn-L* complexes.

3.2 Methods

3.2.1 Ligand Association Constants

Samples of Co™'SIn* and Co"'SIn were prepared in DCM. All ligands were obtained
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commercially and used as received, except 4,4’-bipyridine and tetrabutylammonium bromide,
which were purified via sublimation. Ligand association constants for binding with Co'SIn*
were determined through absorbance measurements using an Agilent 8453 A diode array
spectrophotometer running Olisworks software and a quartz cuvette. Guest ligands were titrated
into the Co™SIn* solution using a microliter syringe and stirred with a magnetic stir bar to
ensure the complete mixing of host and guest in the sample.

Global fits applied to these data sets by the open-source browser application “bindfit”
generated association constants for all ligands except chloride, hydroxide, and 1,4-bis-((1H-
imidazole-1-yl)methyl) benzene (bix). Following these titrations absorbance data was uploaded
to the open source bindfit software on www.supramolecular.org Software tools such as this allow
a global analysis of titration spectra to be performed while avoiding the errors introduced by
209,210

linear approximations that might otherwise be employed to determine association constants.

Links to these fits on bindfits website are listed in Table 4 in APPENDIX A.

3.2.2 X-ray Crystallography

Crystals were secured to a Mitegen mount using Paratone-N oil and single crystal
reflection data was collected at 100 K for all compounds (unless noted otherwise) using a Rigaku
Oxford Diffraction (ROD) XtaLAB Synergy-S X-ray diffractometer equipped with a HyPix-
6000HE hybrid photon counting (HPC) detector and micro-focused Mo Ka radiation (0.71073
A) or Cu Ka radiation (1.54184 A). Data collection strategies to ensure completeness and desired
redundancy were determined using CrysAlisPro.?!! All data processing was done using
CrysAlisPro including absorption corrections applied using the SCALE3 ABSPACK scaling
algorithm.?'? All structures were solved by intrinsic phasing methods using ShelXT?!* and

refined with ShelXL?'* within the Olex2 graphical user interface.?!> Space groups were
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unambiguously verified by PLATON.2!¢ The final structural refinement included anisotropic
temperature factors on all constituent non-hydrogen atoms except where noted otherwise (see
below). Hydrogen atoms were attached via the riding model at calculated positions using suitable
HFIX commands.

Crystals of [Co"'SIn-ampy]Cl were obtained from a slow diffusion of hexanes into a
saturated chloroform solution including a slight excess of ampy. Reflection data was collected
using Mo Ka radiation. The final R; was 0.0498 (8519 reflections) and wR» was 0.1323 (9414
reflections). All three aromatic rings in this structure were found to be disordered over two
positions, as well as the aliphatic region stemming from the tertiary nitrogen atom of the ligand.
In addition, two chloroform molecules would not refine, therefore treated with a solvent mask
through Olex2.2!> A solvent mask was calculated, and 96 electrons were found in a volume of
334 A3. This is consistent with the presence of two chloroform molecules in the asymmetric unit,
therefore 2[CHCl3] were added per formula unit.

Crystals of [Co'™'SIn-ampy]SbFs were obtained from a slow diffusion of hexanes into a
saturated chloroform solution including a slight excess of ampy. Reflection data was collected
using Cu Ka radiation. The final Ry was 0.0388 (8846 reflections) and wR> was 0.0898 (9296
reflections). Like [Co™SIn-ampy]|Cl, the aliphatic region stemming from the tertiary nitrogen
atom of the ligand in this structure was disordered. The aromatic rings were relatively well
behaved with disorder found in only one tert-butyl group. The use of excess ampy to facilitate
crystal growth resulted in ampy as solvate in addition to water. Attempts to refine solvate were
problematic, therefore a solvent mask was calculated through Olex2?'> with 400 electrons found
in a volume of 1282 A3 per unit cell. This is consistent with the presence of one molecule of

ampy, 1[CsN2Hs], and one-half molecule of water, 0.5[H>O], per unit cell which accounted for
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440 electrons per unit cell.

Crystals of [Co™SIn-cnpy]SbFs were obtained from the slow evaporation of a DCM
solution containing an excess of cnpy. Reflection data was collected using Cu Ka radiation. The
final R; was 0.0538 (4392 reflections) and wR> was 0.1122 (4738 reflections). Due to the extent
of disorder, all of the carbons attached to N1 (tertiary amine of the ligand) were left to isotropic
refinement. This was noted in the validation response form (VRF). We also modeled the heavily
disordered SbFs anion which also warranted a response through the VRF.

Angles between phenolate planes were determined using CCDC Mercury software
version 2022.2.0.21721¥ Octahedral structure parameters determined using the OctaDist software

package (Windows OS version v.2.6.1).2"”

3.2.3 Cyclic Voltammetry

Electrochemical experiments were carried out in dry, degassed dichloromethane with 0.1
M tetrabutylammonium hexafluorophosphate electrolyte (recrystallized from methanol) and 0.05
M Co''SIn. Ligands were dissolved in dichloromethane. Scans we performed following each
addition using a glassy carbon working electrode, platinum reference electrode, and silver
pseudo reference electrode with ferrocene employed as an internal standard following titration.
The working electrode was polished with an alumina slurry and dried between additions of the
guest ligand. All scans began at -0.4 V vs Fc/Fc' and were scanned anodically and were

performed with either a CH Instruments CHI440 or Pine Wavedriver potentiostat

3.2.4 NMR

"H NMR studies were carried out on a 5003 MHz Agilent spectrometer. Samples were
prepared in deuterated chloroform that was filtered through basic alumina prior to use. Samples

of Co"™'SIn* were prepared and 1.2 equivalents of guest ligand added. Improvement in resolution
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of the spectra with the presence of the guest ligands was taken as an indication of the spin

change.

3.2.5 GPB Computational Details

Density functional theory calculations to estimate the GPB of bpy and bix followed
established procedures??® using the PBE1PBE functional®?! and the 6-311+G** basis set.
Geometry optimizations were carried out as implemented in Gaussian09, revision D.01.%2> The
resulting structures were confirmed as minima by frequency calculations performed at the same
level of theory. Calculations were run on the Computational Center for Nanotechnology

Innovations at Rensselaer Polytechnic Institute.

3.3 Ligand Binding to Co"'SIn and Co'"'SIn*

The interaction of several different ligands with Co"SIn and Co™'SIn* were examined
through spectrophotometric titrations in dichloromethane (DCM). Figure 32 shows some of these
ligands including pyridyl based ligands pyridine (py), pyrazine (pyrzn), 4-cyanopyridine (cnpy),
4,4’-bipyridine (bpy), 4-picoline (pic), 4-aminopyridine (ampy), 4-dimethylaminopyridine
(dmapy), as well as pyrazole (pyrzl), imidazole (im), 1,4-bis-((1H-imidazole-1-yl)methyl)-
benzene (bix, Scheme 1), bromide (Br-), chloride (CI), and hydroxide (OH"). A schematic
showing all ligands is given in Figure 32. The change in absorbance during the titrations of
Co'"'SIn* and Co''SIn with these different ligands was modeled to provide estimates of the

association constants (K, 3+ and K, 2+), using the relationships shown in Figure 33.
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Figure 32: Schematic representation of nitrogen-based heterocycles used to coordinate to Co™'SIn*.
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Figure 33: Ligand binding interactions for Co'SIn* and Co"'SIn showing the association constants Ka 3+ and
Ka,2+.

In non-coordinating solvents, such as DCM or chloroform, Co'SIn* has a deep green
color, with absorption bands at 350 and 484 nm corresponding to m—7* transitions within the
salen ligand framework, and 740, seen in Figure 34. The latter two absorption features are
ascribed to ligand-to-metal charge-transfer transitions which are characteristic of the high-spin
Co™ complex.*”12> Gradual titration of the five-coordinate high spin complex with guest ligand
resulted in a noticeable change in color from green to brown. Figure 34 shows absorption spectra
during the titration of Co'™SIn* with up to 2 equivalents of im. Upon coordination, the ligand-to-

metal charge-transfer band at 740 nm decreases and there are differences in absorbance around
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270 nm which can be partially attributed to the guest ligands and to n-n* transitions in the salen
framework. All of this is consistent with previously observed behavior.'?* While the final

absorption spectra varied slightly, similar behavior was observed for the other ligands listed

above (Figure 35).
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Figure 34: UV-visible-NIR absorption spectra of Co™SIn* before (blue) and after (red) titration with im in
DCM. The inset shows the change in absorbance at 740 nm versus the number of equivalents of im added to
the sample.

Most of the ligands used in these experiments displayed relatively high association
constants, resulting in complete conversion to the low-spin Co'SIn-L* with less than two
equivalents added to the solution. These “strong” ligands include py, im, pic, ampy, and dmapy
(Figure 35). Three ligands in particular, pyrzn, cnpy, and pryzl (Figure 36), showed relatively
low binding affinity for Co™'SIn-L* and required a large excess to achieve complete conversion.
Experimental errors resulting in wide variations in fitting parameters preclude us from definitely
stating the association constants of these “strong” ligands but allow us to estimate that they are

all on the order of 10° M™! with complete conversion seen following the addition of just one

equivalent.
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Figure 35: UV-visible absorption spectra of Co"'SIn" before (blue) and after (red) titration with various
ligands in DCM. The insert shows the absorbance at 740 nm versus the number of equivalences of ligand.
Ligands titrated are as follows: panel (A) ampy (B) bix (C) bpy (D) pic (E) py (F) dmapy.

Three ligands (pyrzn, bpy, and bix) have the potential to bridge two Co''SIn-L",
however only bix showed any evidence of this from absorption titrations. pyrzn and bpy, are
both relatively weak ligands and the basicity of the second N atom would be expected to
decrease upon initial binding to Co"™SIn*. Absorption titrations of Co™'SIn* with bix show
complete conversion to the bound state at approximately 0.6 eq. Given the high K, 3+ for im, and
the structure of the bix ligand featuring two imidazole groups (Scheme 1), this is consistent with
the formation of a dimer [Co™SIn-bix-Co'SIn|?*. Similar effects were observed in CVs (vida

infra).

Only 4-cyanopyridine required additional equivalents, over ten, to show a similar
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decrease in absorbance. These differences are shown in the calculated association constants. 4-
cyanopyridine had the lowest association constant of the ten ligands for which association
constants were calculated and was the weakest of the three weak ligands. The other two weak
ligands, pyrzl and pyrzn, both displayed low binding affinity while also undergoing similar
spectroscopic changes with gradual titrations. These three “weak’ ligands meanwhile show

intermediate association constants on the order of 10* M.
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Figure 36: UV-visible absorption spectra of Co'SIn* before (blue) and after (red) titration with various
ligands in DCM. The insert shows the absorbance at 740 nm versus the number of equivalences of ligand
added to the sample. Ligands titrated are as follows: panel (A) cnpy (B) pyrzl (C) pyrzn.

Conversion of high-spin Co™SIn* (S = 2/2) into low-spin Co™SIn-L* (S = 0) was
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confirmed by 'H NMR spectroscopy for L = im, pic, ampy, dmapy, bpy, pyrzl, and bix. 'H
NMR spectra of Co"'SIn* shows paramagnetically broadened and shifted peaks that are difficult
to discern from the base line when viewing the entire spectrum (Figure 37). The majority of the
aromatic and aliphatic peaks, shown by arrows in Figure 37, are shifted considerable. The two
peaks originating from the imine and aromatic protons are downshifted to 35 and 36.3 ppm while
peaks assigned to the amine methyl group, propylamine backbone, and tert-butyl groups are
upshifted to -4.4, -12.8, and -1.62 ppm. Only a pair of multiplets at 4.7 and 2.94 ppm, also
assigned to protons on the propylamine backbone, can be seen readily in the spectrum. Upon
addition of a slight excess of ligands shown above, the 'H NMR signals sharpen and move back
into the diamagnetic region. This is shown individually for imidazole in Figure 38 and for all of
the above “strong” ligands in Figure 39. This is consistent with the changes in UV-visible-NIR
absorbance profiles, in particular the decrease in LMCT bands at 740 nm, and what was

observed previously with py as a ligand.*#°
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Figure 37: 1H NMR spectra of CoSIn* in deuterated chloroform.
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Figure 38: 'H NMR spectrum of CoSIn*-Im in deuterated chloroform.
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Figure 39: NMR spectra of Co™SIn" in deuterated chloroform alone (black) with bpy (gold) pic (purple) im
(red) amply (blue) dmapy (cyan) and bix (pink).

In titrating Co"'SIn in DCM with the strongest donor ligands examined herein, it was
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confirmed that there is very weak binding interactions between these ligands and the Co" metal
center (Figure 40). This included py, bpy, im, pic, bix, ampy, and dmapy, in which no
significant change in the absorbance spectrum at 360 nm upon titrating Co"SIn with up to 5000
equivalents of these ligands was seen, aside from the titration with im (Figure 40). The ligand
association constant (Ka+) for the binding of im to the Co'l metal center was calculated as 30.89
M-!. This is several orders of magnitude less than that calculated for the binding of im to the
Co' metal center, supporting the favored coordination of these ligands to Co'. Further, no
significant changes in the absorption spectrum of Co"SIn was observed with up to 5000 eq
cnpy, so it was assumed that pyrzn, pyrzl, and enpy display negligible binding to the Co" metal

center.
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Figure 40: UV-visible absorption spectra of Co"'SIn before (blue) and after (red) titration with various ligands
in DCM. The insert shows the absorbance at 360 nm versus the number of equivalences of ligand added to the
sample. Ligands titrated are as follows: panel (A) ampy (B) bix (C) bpy (D) dmapy (E) pic (F) py (G) im.

3.4 X-ray Crystal Structures

Crystals suitable for X-ray diffraction studies were obtained for Co'SIn* bound to two
additional ligands, ampy and cnpy, in order to compare with the previously determined
Co"'SIn* and Co™'SIn-py™.'** These ligands span a large range of Hammett parameters for the
pyridyl based ligands used in this study. Structures of Co'"'SIn-ampy* were determined with two

different counter ions, Cl" and SbF¢". Table lincludes crystallographic data and structural
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refinement parameters for the three new structures. ORTEP diagrams for the new structures are
shown in Figure 41. Bond lengths and angles for the Co coordination sphere, as well as

octahedral structural parameters are shown in Table 2.

Table 1: Crystallographic data and dtructural refinement parameters for [Co™SIn-ampy](Cl), [Co™SIn-
ampy|( SbF6), and [Co™SIn-cnpy|(SbF6) after solvent mask applied, and [Co™SIn-cnpy](SbF6). after solvent
mask applied, and [Co"™SIn-cnpy](SbFé).

[Co"'SIn-ampy](Cl) - [Co"'SIn- [Co"™'SIn-cnpy](SbFe)
(CHCl3), ampy|(SbFs) -
(ampy) - (H20)0.25
empirical formula C42 H63 N5 O2 Co Cl C42 H64 N5 02.25 Co C43 H59 N5 02 Co Sb F6
Sb F6
fw 764.35 969.69 972.66
crystal system monoclinic monoclinic orthorhombic
space group P21/c C2/c Pben
a[A] 14.5332(2) 21.5363(3) 9.8392(1)
b[A] 17.4832(2) 17.9499(2) 23.1355(3)
c[A] 20.5973(3) 26.9202(4) 19.9391(2)
o [deg] 90 90 90
p [deg] 100.7680(10) 109.429(2) 90
y [deg] 90 90 90
VA3 5141.35(12) 9814.0(3) 4538.83
7z 4 8 4
T[K] 99.98(13) 100.00(10) 100.00(10)
A [A] 0.71073 1.54184 1.54184
p (calcd, g/cm?) 0.988 1.449 1.423
u (mm™) 0.418 7.52 8.132
R1? [I>26(])] 0.0498 0.0388 0.0538
wR2° (all data) 0.1323 0.0898 0.1122
GOF® on F? 1.031 1.053 1.0356
“R1=2|Fo| - |Fel| / ZIFol
b Ru( Foz) _ [z [w( F2- Fcz)z] /Sw F04]1/2
¢ GOF = [X[W(Fo2 = FA?] | (Nobs = Nyarams)]"

[Co"™'SIn-ampy]Cl crystalized in the monoclinic P2/c space group with two disordered

chloroform molecules. The structure also had some disorder in the ampy ligand bound to the Co
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center and both phenol rings. [Co™SIn-ampy](SbFs) crystalized in the monoclinic C2/c space
group with an extra disordered ampy ligand and water molecule. [Co"'SIn-cnpy](SbFs)
crystalized in the orthorhombic Pbcn space group. All three structures are chiral with respect to
the rotation of the salen ligand coordination about the Co center and both isomers are present in
the structures. Two additional isomers are also possible with respect to the position of the methyl
group on the N-methyldipropylamine backbone, however these are disordered in all three
structures. Similar affects were observed for Co™'SIn-py* previously.'?> Additionally, several of
the z-butyl groups on the phenolate rings were disordered in the structures.

The N-methyldipropylamine backbone imposes a butterfly-like structure of the salen
ligand framework around the Co center. Each ortho-imino-phenol comprising the salen ligand
coordinates the Co with the phenolic O trans to each other. The angle of the phenol rings with
respect to each other does not vary significantly from Co™SIn* (111.5°) to the pyridyl bound
structures (100.9 — 122.0°), suggesting the N-methyldipropylamine backbone dictates the shape
of the structure through the imine linkages rather than coordination of ligands. CoSIn* assumes
a distorted trigonal bipyramidal geometry around the cobalt center in which the imine nitrogens
are held in a trans-axial configuration by the N-methyldipropylamine backbone with the
phenolate oxygens and the amine nitrogen occupying equatorial positions with respect to the
cobalt.'?® Similar coordination was observed for the reduced Co"SIn.?*” Upon coordination of
the pyridyl ligands, the complex assumes an octahedral geometry in which the relative
coordination environment is preserved. The Ophenol-C0-Ophenol bond angle increases from 129.4°
in Co''SIn* as expected for trigonal bipyramidal geometry, to 175-177° in the pyridyl bound
structures. Additionally, the two Namine-C0-Ophenot bond angles decrease from 115° to 91-92° in

the octahedral structures. The Co coordinate bond distances in all Co™SIn-L" structures are
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I complexes with traditional four-

slightly longer, but consistent with other low-spin Co
coordinate salens and two axial ligands.*”1¢%?23 The slightly longer Co-Opnenol (~0.03 A) and Co-
Namine (~0.02 A) bond lengths in Co™SIn-L* is likely the result of the butterfly shape and steric
restrictions of the N-methyldipropylamine backbone.

Octahedral distortion parameters are included in Table 1 and are particular useful when
describing the structural parameters for octahedral SCO complexes.?!? dmean corresponds to the
average metal-ligand distances in the octahedral coordination sphere and { is the total deviation,
summed over all metal-ligand interactions, from this average bond distance.??* A is the
octahedral distortion parameter that quantifies how the coordination differs in bond lengths from
ideal structure (A = 0).22° X is the total deviation of the twelve cis angles away from 90°,2%¢ and
O represents the degree of trigonal distortion of the coordination geometry from an octahedron
(On, ® = 60) towards a trigonal prismatic (Dsn, ® = 0).227??® The values of dmean, {, and A for the
new structures (Co™'SIn-ampy* and Co"'SIn-cnpy™) are very similar to Co™SIn-py*. This
suggests that the donor strength of the pyridyl ligand has little influence on the coordination
geometry. X and © vary a little bit between structures, which may be the result of crystal packing

forces and solvents in the structures but are still consistent with octahedral geometry at the Co

centers.
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Figure 41: ORTEP diagrams of [CoSIn-ampy]|(SbFe) (left), [CoSIn-cnpy](SbFs) (right), and [CoSIn-ampy](Cl)
(bottom center) showing 50% probability thermal ellipsoids. Non-coordinating anions, hydrogens, solvent
atoms, and disordered atoms are omitted for clarity.
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Table 2: Selected distances and angles, and octahedral structural parameters for [Co™SIn],* [Co™SIn](SbFé),”
[Co™SIn-py](SbF),” [Co™SIn-ampy]Cl, [Co™SIn-ampy](SbFs), and [Co™SIn-cnpy](SbFs) from the X-ray
crystallographic analysis.

Bond Distances (A)

[Co"SIn] [Co'"'SIn] [Co"'SIn-py] [Co'SIn-
? (SbF¢) ® (SbF¢) ® ampy] (CI)
Co-Ophenol 1.944(2) 1.856(2) 1.919(2) 1.9299(16)
Co-Ophenol 1.952(2) 1.865(2) 1.920(2) 1.9120(15)
Co-Npyridyl - - 1.966(2) 1.974(5)
C0-Nimine 2.045(2) 1.906(3) 1.923(2) 1.9271(19)
Co0-Nimine 2.054(2) 1.904(3) 1.928(3) 1.9219(19)
Co-Namine 2.124(2) 2.082(3) 2.065(3) 2.0589(19)
Bond Angles (deg)
[Co"SIn] [Co'"'SIn] [Co'"'SIn-py] [Co'SIn-
a (SbFe) ® (SbF¢) ® ampy] (Cl)
Ophenot-Co-Ophenot ~ 138.63(8)  129.39(10) 177.1009) 175.24(7)
Nimine-Co-Nimine ~ 177.11(1) = 178.95(13) 178.54(11) 177.11(8)
Namine-C0-Ophenol  111.71(8) = 115.41(11) 91.68(9) 92.75(7)
Namine-C0-Ophenol  109.67(8)  115.20(11) 91.21(9) 91.05(8)
Nopyridyl-Co-Namine 178.42(11) 176.1(3)
Nopyridyl-C0-Ophenol 88.87(9) 86.2(4)
Nopyridyl-Co-Ophenol 88.24(9) 90.1(4)
Nopyridyl-Co-Nimine 91.82(11) 93.3(3)
Nopyridyl-Co-Nimine 89.63(11) 89.1(3)
Octahedral Structural Parameters
[Co"SIn] [Co™SIn] [Co™SIn-py] [Co"'SIn-
? (SbFe) ® (SbFe) ® ampy] (Cl)
Amean | A 1.9536 1.9538
/A 0.247366 0.249301
A 0.000719 0.000673
x/° 9.8165 20.0299
®/° 43.8858 71.6038

2 Data taken from ref 2°7. ® Data taken from ref '%°.
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[Co"'SIn-
ampy] (SbFs)
1.933(2)
1.925(2)
1.945(2)
1.927(2)
1.921(2)
2.077(3)

[Co"'SIn-
ampy]| (SbFs)

175.62(10)
176.92(11)
92.27(10)
92.11(10)
179.77(12)
87.51(9)
88.11(10)
91.54(10)
91.48(10)

[Co"'SIn-

ampy] (SbFs)

1.9545
0.244452
0.000798

16.0624
60.7152

[Co"'SIn-
cnpy| (SbFe)
1.922(3)
1.922(3)
1.976(4)
1.904(4)
1.904(4)
2.060(6)

[Co"'SIn-
cnpy] (SbFe)

176.95(15)
179.4(2)
90.25(13)
90.25(13)
180
88.47(7)
88.47(7)
90.29(12)
90.29(12)

[Co'"'SIn-
cnpy] (SbFe)

1.9484
0.280594
0.000821

8.3222

39.1520



3.5 Electrochemistry
As we have described previously, cyclic voltammograms (CV) of Co'SIn in a non-

0 associated with the

coordinating solvent exhibit a quasi-reversible wave at -0.59 V vs Fc
Co"™ couple. Figure 42 shows the CVs of Co'SIn in DCM alone and in the presence of a slight
excess of ligands with the highest association constants shown above (bpy, pic, ampy, im, bix,
ampy, dmapy). Introduction of the exogenous ligands results in a large peak splitting between

the anodic and cathodic waves for the Co™™"

couple. In general, there is a large negative shift in
reduction potential and a slight positive shift of the oxidation potential. For these ligands,
addition of 1-1.5 equivalent was sufficient to completely suppress the cathodic wave at -0.6 V

for the reversible Co™™

process and produce a new cathodic wave in the range of -0.9 to -1.3 V.
The later peak now corresponds to reduction of Co™SIn-L*, the potential of which now depends

on the nature of the ligand.
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Figure 42: Cyclic voltammograms of CoSIn (0.5SmM) with 10 equivalents of each ligand, taken at a glassy
carbon electrode, with a platinum wire counter, and a silver pseudoreference electrode (referenced to Fc"*
following each titration). All scans began sweeping anodically from -0.7 V at a rate of 500 mV/s. CoSIn
(black), bpy (gold), pic (purple), im (red), ampy (blue), dmapy (cyan), bix (pink).

The redox properties of Co''SIn in the presence of these ligands can be described by the
square diagram (ECEC mechanism) shown in Figure 43.>* The oxidation potential of Co"'SIn is
largely independent of the nature of the L present in solution. Titrations of Co''SIn with dmapy
and im, some of the strongest donor ligands examined herein, in DCM confirmed that there is
very weak binding interaction between these ligands and the Co'' metal center (K,2+ <90 M™).
At the concentrations used in the CVs, the ligands should be largely dissociated from Co!'Sln,
however the slight shift in the Co" oxidation potential (E°s) indicates a weak interaction. Upon
oxidation to Co''SIn", the large association constants for these ligands ensures almost complete

conversion to Co™SIn-L™*. The reduction potential of Co™SIn-L* (£%) is now dependent on the



nature of ligand. Complete binding of the ligands to Co™SIn* is evident from the suppression of

the cathodic wave at -0.59 V, and appearance of a new wave at much more negative potentials.

ths
collsin* + L collsint* + L +e¢
K312+ Ka,3+
EO
co'lsin-L* Is Co'lSIn-L* +e

Figure 43: Square scheme of the ligand-dependent RCSCO of this CoSIn*.

Figure 44 shows CVs of Co''SIn in the presence of three ligands that showed relatively
weak association with Co™'SIn*, enpy, pyrz, and pyrl, at varying concentrations. In all three of
these cases, the weak K, 3+ values necessitate addition of a slightly larger excess of ligand to the
solution to completely suppress the reduction at -0.59V and shift the cathodic peak to more
negative potentials. Additionally, the reduction waves corresponding to Co™SIn-L* are much
more positive than those shown above in Figure 44. A second quasi-reversible wave appears at -

1.7 V which may be due to cnpy.
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Figure 44: Cyclic voltammograms of CoSIn (0.5mM) with different equivalents of each ligand, taken at a
glassy carbon electrode, with a platinum wire counter, and a silver pseudoreference electrode (referenced to
Fc* following each titration). All scans began sweeping anodically from -0.7 V at a rate of 500 mV/s. CoSIn

(black), cnpyr (red), pyzl (blue), and pyz (purple).

CVs of Co"SIn in the presence of bpy show some evidence of dimerization (Figure 45).
Between 0.5-1 equivalents, the reduction peak for Co™SIn" is suppressed due to coordination to
the bpy, and a new quasi-reversible cathodic wave is observed at -1.5 V. This can be assigned to
the reduction of the bridging bpy ligand to form [Co''SIn-(bpy—)-Co''SIn]* based on
comparison reduction potential of bpy in similar macrocycles where it is bridging two cationic
metal centers.?*® Upon addition of excess bpy to the electrolyte solution, the ligand acts in a

monodentate fashion and only a single reduction is observed for Co'SIn-bpy™*.
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Figure 45: Cyclic voltammograms of CoSIn (0.5mM) with a range of concentrations of bpy, taken at a glassy
carbon electrode, with a platinum wire counter, and a silver pseudoreference electrode (referenced to Fc"*
following each titration). All scans began sweeping anodically from -1.0 V at a rate of 500 mV/s.

The electrochemistry of Co'SIn in the presence of anions, including OH-, CI-, and Br-,
all exhibited interesting behavior as well (Figure 46).The reduction potentials of all three bound
complexes, Co™SIn-L"*, were significantly more negative compared to the complexes formed
from the neutral ligands. This is no doubt the result of the influence of the negative charge that is
not present in the case of neutral ligands. The electrostatic repulsion of this negative charge

required a larger applied bias to regenerate the initial five-coordinate Co'Sln.
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Figure 46: Cyclic voltammograms of CoSIn (0.5mM) with ten equivalents of each anion, taken at a glassy
carbon electrode, with a platinum wire counter, and a silver pseudoreference electrode (referenced to Fc¢**
following each titration). All scans began sweeping anodically from -1.0 V at a rate of 500 mV/s. CoSIn
(black), OH- (red), Cl- (blue), and Br- (purple).

3.6 Discussion

RCSCO provides a mechanism to design complexes with redox bistability, which could
be beneficial for a range of applications. Complexes such as Co!'SIn provide a platform to tune
the RCSCO properties through the choice of exogenous ligands. Scheme 2 shows the square
diagram that describes the redox properties of Co''SIn in the presence of these different ligands.
Given the relatively low ligand association constants of im and dmapy with Co''Sln, it is
expected that the oxidation potential of Co'SIn will not change significantly in the presence of
stoichiometric amount of ligands. However, the reduction potential of Co™SIn-L* does show a
significant dependence on the nature of the ligand. It is possible that this shift in the reduction
potential is due to ligand interactions with the electrode shifting the half-potential of the Fc”*
reference. For this reason, we have chosen to report both the measured redox potentials and the
observed cathodic-anodic peak separation. These values and other data collected in the course of

this study are in Table 3.
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Table 3: Summary of ligand association constants, Co™™ redox potentials, cathodic-anodic peak splitting,
spin exchange constant ratios, Hammett parameters for pyridyl based ligands, and gas phase basicity of
ligands (L) bound to CoSIn*.

L= Efedts | Eoxns AE K>/ o GPB
/Ve | /Ve 4 K" (kJ/mol)
pyrzn | -0.83 | -0.42 | 0.41 4.94 847.0
pyrzl | -1.02 | -0.40 | 0.62 11.2 860.5
enpy | -0.86 | -0.43 | 0.43 5.34 0.66 | 880.6
py -1.10 | -0.42 | 0.68 14.1 0.00 | 898.1
Bpy -0.95 | -0.39 | 0.56 8.85 0.44 | 908.1°
im -1.12 | -0.38 | 0.74 17.8 909.2
pic -1.07 | -0.40 | 0.67 13.6 -0.17 | 9153
bix -1.19 | -0.34 | 0.85 27.4 941.9°
ampy | -1.13 | -0.40 | 0.73 17.2 -0.66 | 947.8
dmapy | -1.26 | -0.47 | 0.79 21.7 -0.83 | 971.1
Br- -1.42 | -041 | 1.01 51.1 1331.3
Cl- -1.62 | -039 | 1.23 120 1373.6
OH- -1.59 | -0.44 | 1.15 88.1 1605.4

Overall, the association constant for a given ligand appears to correlate only weakly with
the observed electrochemical properties for the reduction of Co™SIn-L*. The ligands with the
highest association constants (py, pic, ampy, im, bix, ampy, and dmapy) generally displayed
the most negative reduction potentials with the largest splitting between cathodic and anodic
peaks (Table 3), while the weaker ligands led to more positive reduction potentials for Co™!SIn-
L* (Figure 44). This trio of weak ligands were found to require a large excess guest ligand to
induce a cathodic shift.

Having observed a range of peak shifts for each ligand, we sought a parameter that would
help establish an intuitive framework for understanding the observed behavior and crafting a
synthetic guide to serve as a basis for future applied studies. We began by comparing observed
reduction potentials to the corresponding Hammett parameters of the para-substituted pyridines.
Hammett parameters are readily available in the literature and represent an approximation of the

electronic contribution of the para-substituent on the aromatic ring.?*! A large positive Hammett
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parameter denotes a strongly electron withdrawing substituent while a large negative Hammett
parameter similarly indicates a strongly electron donating substituent.?3?

Figure 47 shows the cathodic-anodic peak separations Co™SIn-L* compared to the
Hammett parameters for the para-substituted pyridine-based ligand. A linear correlation between
the reduction potential of Co™SIn-L* and the Hammett parameter of the respective para
substituent is seen (R?= 0.87), indicating that electron donating ability of the ligands has a
noticeable impact on the redox properties. dmapy, with a strongly electron donating
dimethylamine group (o, = -0.83) adds significantly to the electron density towards the Co'™
metal center, thus inducing a cathodic shift of the Co™SIn-L* reduction potential and the largest
degree of peak splitting. Conversely, the strongly electron withdrawing group on cnpy (cp, =
0.66) results in the most positive reduction potential. The pyridyl based ligands examined here
allowed for the tuning of the anodic-cathodic peak separation for the Co™SIn-L* system, and
thus the redox bistability, over ~300 mV. However, despite the attractiveness of using these

Hammett parameters to understand the redox properties of Co'SIn-L", they can only be applied

to this homologous series of pyridyl-based ligands.

cnpy
[ ]

04 : : : : : : : :
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Hammet Parameter

Figure 47: Anodic-Cathodic peak splitting in Co™SIn-L* compared to the Hammett parameters for the para-
substituted pyridine derivative.
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The sheer quantity of non-pyridine-based ligands available makes it clear that another
more universal metric would be better suited to this analysis. Guest ligand basicity has been used
to compare the effects of pyridine and cyanopyridine on the SCO properties of a group of nickel
(IT) complexes.'®3 The primary advantage of using basicity to compare guest ligands is that the
ligands under investigation do not need to be homologous. We chose to utilize gas phase basicity
(GPB), which measures the Gibbs free energy change associated with protonation, as the ligand
thermodynamic parameter to evaluate the Co™SIn-L* reduction potentials. These values are
readily available via NIST databases®* or other literature sources. Experimental GPB values for
all the ligands examined here, except bix and bpy, are included in

Table 3. The reported GPB for bpy of 900 + 10 kJ/mol was an estimate, suggesting the
value was similar to py.?** Following established density functional theory (DFT) methods
(PBE1PBE/6-311+G**), which have been shown to yield reasonable estimates for GPB,**° we
have calculated values of 941.9 and 908.1 kJ/mol for bix and bpy respectively.

Figure 48 shows the anodic-cathodic peak separations of Co'SIn-L* compared to the
GPB of the different ligands examined. Overall, an increase in the GPB of L yields a more
cathodic reduction potential for CoSIn-L*. There is a clear correlation for the neutral ligands as
indicated by the linear regression (solid black line). This trend indicates that GPB values
represent a good metric for the donor strength of the nitrogen-based heterocycles. The three
anionic ligands (red points) produce the largest cathodic shift in the Co'SIn-L* reduction
potential and are noticeably different from the other nitrogen-based heterocycles likely due to

their negative charge.
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Figure 48: Cathodic-anodic peak splitting in Co™SIn-L* compared to the GPB (kJ/mol) of the free ligand (L).
Black (neutral ligands) and red (anionic) GPB sourced from NIST database,’** while the blue (bix and bpy)
were estimated from DFT methods (PBE1PBE/6-311+G*%),220

The selection of neutral ligands examined here are able to modulate the cathodic redox
potential of Co™SIn-L* (£%5) by ~300mV. When the anionic ligands are included, this potential
range is increased to ~800 mV. This in turn provides a mechanism to tune the redox bistability
for Co''SIn-L". The difference in potential between the anodic and cathodic redox waves for the
Co™ process (E°hs — E°s) can be used to estimate the ratio of spin equilibrium constants for the
two redox states, K2+ / Kse 3+. These equilibrium constants define the formation of the hs form
for the respective redox states. K2+ for Co''SIn should be largely independent of the L present
in solution due to the weak interactions. However, Ky, 3+ will strongly depend on the nature of
the ligand for Co™SIn-L* and will contain contributions from K, for each L. The ratio, K 2+ /
Kse 3+, will provide another measure of the bistability of this complex. The estimated values are
included in

Table 3 and range from 4.94 (pyrzn) to 21.7 (dmapy) for the neutral ligands, and up to
120 for CI'. The broad range of Ky, 2+ / Kse 3+ ratios generated by this series of ligands with
Co'"'SIn-L* highlights the ability to tune the RCSCO properties of a complex through

coordination changes with exogenous ligands.
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3.7 Conclusion

Spin-crossover behavior in coordination compounds has attracted a great deal of interest
from researchers for its potential applications in electronic and electrooptical applications,
including electrochromics, displays, sensors, data storage devices, and computer processing,
among others. One way to enhance the bistability of spin-crossover systems is to couple the spin-
transition to redox changes in a coordination complex. We have successfully demonstrated that
the RCSCO properties of Co™SIn* can be reliably and predictably tuned via titration with a
range of ligands. Reversible ligand binding as a method to inducing spin-crossover is an
uncommon stimulus in the field of spin-crossover research. Cyclic voltammograms of Co'SIn*
in the presence of suitable ligands lead to significant anodic-cathodic peak splitting of the Co™!"
redox transition due to the coupled ligand binding and SCO steps. This quasi-reversible
electrochemistry results in a range of redox bistability for the complex. We have shown that
there is a strong correlation between the reduction potential of the low-spin Co™SIn-L* (E°)
with the Hammett parameter for para-substituted pyridyl ligands and the GPB for a wider variety

of ligand types. This allows us to predictably tune the RCSCO properties of the complex and is

an important step towards a priori design of SCO materials using uncommon stimuli.
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4. REDOX-COUPLED SPIN CROSSOVER IN A PAIR OF
COBALT B-DIKETONATE COMPLEXES AND THEIR
POTENTIAL UTILITY IN ELECTROCHROMIC
MULTILAYERS

4.1 Spin States of Cobalt p-diketonate Complexes

If there is a classic ligand in inorganic coordination complexes, B-diketonates may well
be it. The most common example of which is acetyleacetone, a molecule found in introductory
organic and inorganic courses alike. This interest is due to the unique ketol-enol tautomerism
that has been observed in these molecules and is depicted in Figure 49. This tautomerism is
solvent-dependent and the enol form can be favored replacing the R groups with more electron-
withdrawing substituents. The extensive electron delocalization results in multiple coordinative
bonding modes. The most commonly depicted is the O,0’ bidentate arrangement but others are
possible including coordination to just one enolate oxygen or coordination through delocalized
carbon double bonds, or even with the B-diketonate serving as a bridge between two metal

centers.>?

R R AN

Figure 49: Ketol-enol tautomerism in a -diketonate.

The electrochemical properties of B-diketonate complexes have likewise long been
studied. Irreversible electrochemistry which may be indicative of RCSCO has been observed in
transition metal B-diketonate complexes,?*® and tris(B-diketonate)cobalt(III) complexes have
shown evidence of RCSCO switching between S=0 state in the cobalt(IIl) and S=3/2 in the case

of the cobalt(II) complex.?*’
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A recent interesting example of this are the f-diketonate cobalt(Il) complexes reported by
Harding in 2012. These cobalt(IT) complexes, shown in Figure 50, feature mixed coordination
environments consisting of either 2,2’-bipyridine or 1,10-phenanthroline coordinated to the
cobalt center opposite a pair of B-diketonate derivatives featuring tert-butyl, benzyl, and trifluro

substituents.

N\ 7/ N\ /
N\ 7/ N\ 7/

R= -C(CH3)3, -CF3, -CsHs,

Figure 50: p-diketonates reported by Harding and co-workers. Generic structures adapted from the original
publication.”

All six of these chelated tris-bidentate complexes displayed RCSCO as signified by
irreversible cyclic voltammograms. Large structural differences were observed between the high-
spin (S=3/2) cobalt(Il) and low-spin (S=0) cobalt(IIl) forms of these B-diketonates. X-ray crystal
structures of one complex (Figure 51) indicated that large structural changes accompany the
RCSCO rearrangement especially in the orientation of the 2,2’-bipyridine ligand, which is
notable twisted in the cobalt(Il) complex, but assumes a planar arrangement following oxidation
of the cobalt(Il) metal center to cobalt(IIl). This was quantified through the X parameter which
measured the sum of deviations in cis bond angles from idealized geometries. This is a common
metric by which SCO complexes are evaluated. A X of 0 corresponds to an ideal octahedral
geometry in which each bond forms a 90° angle. High-spin complexes typically have a higher

value than their low-spin counterparts.*® By this metric the cobalt(II) high-spin complex was
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assigned a X value of 86, and the oxidized low-spin variant of the same complex was given a £
value of 34 with an overall A T of 52. The metal-ligand bonds also shorten by 0.18-0.22 A

following oxidation.

Figure 51: X-ray Structures of two diketonates reported by Harding (A) [Co(tmhd)2(2,2"-bpy)] (B)
[Co(tmhd)2(2,2’-bpy)][BF4]. Hydrogens have been omitted for clarity. Figure generated from published
crystallographic data.?’%2%

The complexes showed differences in oxidation and reduction potentials which were
attributed to the different B-diketonate ligands used in these complexes. DFT calculations
explained these results, showing that the singularly occupied molecular orbital originated from
the combination of p-diketonate oxygen p-orbitals and the cobalt d,* orbital resulting in
significant electron density on the B-diketonate oxygens. This high electron density on the j3-
diketonate ligands explains the ligand-dependent electrochemistry and provides a useful
“handle” for modulating electrochemical properties. Moreover, significant spectral differences

were observed between the cobalt(Il) and cobalt(IIl) states. Generally, the high-spin cobalt(II)
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complexes were all shades of red or orange and underwent a bathochromic shift following
oxidation to the low-spin cobalt(III) state in which most of the complexes were various shades of
green.”

The electrochemical irreversibility of these complexes and the noted spectral changes that
accompany their redox reactions make them interesting candidates for molecular
electrochromics. From these observations a hypothesis was formed that these molecules could be
used to construct functional electrochromic multilayers using the CuAAC LbL methods our
laboratory has employed in this past. In order to test this ethynyl-functionalized bipyridyl ligands
were first synthesized and used to assemble two cobalt(I) complexes, one with acetylacetonate
ligands and the other with 1,2-diphenylpropane-1,3-dione. These complexes were then

characterized through spectroscopic and electrochemical studies. Attempts were then made to

construct electrochromic multilayers using both of these complexes.

4.2 Synthesis of Complexes and Precursor Ligands

4.2.1 Synthesis of 5,5’-dibromo-2,2’-bipyrdine
The synthesis of starting material 5,5’-dibromo-2,2’-bipyridine was synthesized

240 and is depicted in Figure 52. The exception to this is that in

according to literature methods
cases where mono-brominated 2,2’-bipyridine appeared to be the major product the material was
reacted for an additional three days to achieve the dibromoniated product in acceptable yields.
This was done by first stirring 5 g (0.032 mol) of 2,2’-bipyridine in methanol with 10.8 mL
(0.095 mol) of 48% v/v hydrobromic acid for two hours to yield the protonated intermediate.

Protonated 2,2’-bipyridine was then added to a pressure flask together with 2.15 mL (0.083 mol)

bromine and was stirred at 185°C for three days.
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Figure 52: Synthetic scheme for 5,5'-dibromo-2,2'-bipyridine.

This crude mixture was then dissolved in hot dichloromethane and recrystallized, filtered,
washed with an aqueous sodium hydroxide solution, and then with water. Mass spectrometry of
the product (Figure 53) showed the expected pseudomolecular ion peak at m/z=314.8934 as well
as a peak at m/z=417.8417 which appears to contain the protonated product clustered with
water and dichloromethane. The peak at m/z=432.2388 does not match the expected tribromo
side-product which would have appeared at m/z=375.7972. It is possible that these impurities
were introduced during sample handling. A fourth large peak is visible at m/z= 690.7065, which
appears to be heavily halogenated and may be a cluster or bromine and solvent molecules. After
examining this mass spectrum, the solid was recrystallized once again from dichloromethane
giving an overall yield of 16%. Proton NMR (Figure 54) of the recrystallized product showed the
expected spectrum for 5,5’-dibromo-2,2’-bipyridine without any contaminants except for the
presence of a water peak at 1.56 ppm. '"H NMR Spectrum (500 MHz, CDCl3), ppm: 7.94 (dd, J =
8.95,2.12 Hz, 2H), 8.28 (d, J = 9.0 Hz, 2H), 8.7 (s, 2H). ESI LR-MS: m/z C10HsBr2N> 313.89,

found [MH]" 314.8934; [HBr:bpy, H2O, CH,Cly]" = 417.8417 , m/z = 432.2383, m/z = 690.7065.
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Figure 53: ESI mass spectrum of crude product consisting of 5,5'-dibromo-2,2'-bipyridine (A), 5,5'-dibromo-
2,2'-bipyridinewith clustered water and dichloromethane (B), unspecified contaminant (C), halogenated
contaminant (D) .
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Figure 54: Proton NMR of 5,5'-dibromo-2,2'-bipyridine in deuterated chloroform.
4.2.2 Synthesis of 5,5’-((bistrimethylsilyl)ethynyl)-2,2’-bipyrdine

The synthesis of 5,5'-((bistrimethylsilyl)ethynyl)-2,2'-bipyridine is depicted in Figure 55.

1.6 g (0.005 mol) of 5,5’-dibromo-2,2’-bipyridine was dissolved in dry degassed tetrahydrofuran
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under a nitrogen atmosphere. 179 mg of PdCI3(PPh3) (0.00026 mol), 67 mg (0.00026 mol) of
PPh3, 1.5 mL (0.011 mol) of ethynyltrimethysilane, and 1.5 mL of (0.011 mol)triethylamine was
then added and the mixture was stirred for twenty minutes at room temperature before the
addition of 50 mg (0.00026 mol) of Cul. The mixture was then left to stir at room temperature

for one week.

! |
N F# —Si—  pdCI4(PPhs), PPhs, Cul

"
N7 If THF

1eq. 2 eq.

Figure 55: Synthetic scheme for 5,5'-((bistrimethylsilyl)ethynyl)-2,2'-bipyridine.

This mixture was then removed from the nitrogen atmosphere and filtered through celite
and the celite was then rinsed with additional solvent. THF was removed via rotary evaporation
to give a red solid presumed to be a palladium complex of 5,5’-((bistrimethylsilyl)ethynyl)-2,2’-
bipyridine. Palladium was then removed from the complex by stirring overnight in a solution of
0.8 g (0.016 mol) of sodium cyanide dissolved in ethanol. This sample was then purified using

dry column vacuum chromatography?*!

using successive solvent mixtures dichloromethane and

hexane combined in ratios of 40:60, 50:50, 60:40 and poured through in a series of five fractions
each followed by final fraction of pure dichloromethane. The proton NMR spectrum (Figure 56)
indicates possible contamination with the n-hexane used in the purification process at 0.88 and

1.26 ppm,**? but the presence of the tetramethyl silane protons without the presence of a peak

attributable to the ethynyl proton in ethynyltrimethylsilane around 2.8 ppm confirms that the
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silane peak is from the product and not residual starting material. Lack of ethynyl carbon peaks
near 90 ppm in the '3C NMR spectrum (Figure 57) further confirms the lack of starting
material.>** The yield of this reaction was 25%. 'H NMR spectrum (500MHz, CDCl3), ppm: 0.28
(s, 9H), 7.91 (d, J= 8.5, 2H), 8.44 (d, J=7.6, 2H), 8.75 (s, 2H). *C NMR spectrum (CDCl3), ppm:

0.19 (s, 6C), 99.5 (s, 2C), 102 (s, 2C), 120 (s, 2C), 120.5 (s, 2C), 140 (s, 2C), 152 (s, 2C), 154 (s,

20).
r\:\ b ¢ a
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Figure 56: 'H NMR of 5,5°-((bistrimethylsilyl)ethynyl)-2,2’-bipyridine in deuterated chloroform.
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Figure 57: 3C NMR of 5,5’-((bistrimethylsilyl)ethynyl)-2,2’-bipyridine in deuterated chloroform.

4.2.3 Synthesis of Co(acac)2(5,5’-ethynyl-2,2’-bipyridine) complex

The precursor complex [Co(acac)2(OHz2)] was first prepared by deprotonating two
equivalents of aceytylacetone (acac) using sodium hydroxide in methanol and adding the
solution to dissolved solution of cobalt(Il)chloride heptahydrate. The resulting pink complex was
collected as it precipitated out of solution. 84.7 mg (0.00029 mol) of complex was then
combined with 100 mg (0.00029 mol) of 5,5’-((bistrimethylsilyl)ethynyl)-2,2’-bipyridine in

methanol and stirred for four hours to give [Co(acac)2((CC)2bpy)] as depicted in Figure 58.

101



oL oL

_/ TMS-ethynyl-2,2-bpy 0.9 N~  K,co, 0. Q Nz
B _— - (o] —_— Co
MeOH 052 05

‘L( GO, THRHO O A

| P L[ | P

Figure 58: Synthesis of Co(acac)2(5,5'-ethynyl-2,2'-bipyrdine).
The solid was then isolated by filtration and combined with 2.5 equivalents of potassium
carbonate in a THF water mixture and stirred overnight to remove the trimethylsilyl protecting
groups. The reddish pink solid was then washed on a vacuum filter with ethanol and water, then
recrystallized from methylene chloride and hexane in the freezer overnight to give a yield of
47%. ESI LR-MS: m/z [(CC)2-bpy]" calculated 204.07, found [MH]" 205.0766; m/z
[Co(acac)((CC)2bpy)]" calculated 362.05, found 362.0354; m/z [Co(acac)>((CC)2bpy)]"

calculated 461.09, found 462.0915. UV-Vis spectrum (C2H3N), nm: 190, 269, 286, 311, 324.

4.2.4 Synthesis of Co(dbm)2(5,5’-ethynyl-2,2’-bipyridine)

The precursor complex [Co(dbm)2(OHz2)] was prepared by deprotonating 500 mg (0.002
mol) of 1,2-diphenylpropane-1,3-dione (dbm) using 89 mg (0.002 mol) sodium hydroxide in
methanol. 265.3 mg (0.001 mol) of cobalt(Il) chloride heptahydrate was then dissolved in
methanol and added to solution. The resulting complex, cobalt(Il)bisacetylacetonate dihydrate,
was collected as it precipitated out of solution. 155 mg (0.00029 mol) of
cobalt(IT)bisacetylacetonate dihydrate was then combined with 100 mg (0.00029 mol) of 5,5°-

((bistrimethylsilyl)ethynyl)-2,2’-bipyridine in methanol and stirred for four hours to give
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[Co(dbm)2((CC)2bpy)] as depicted in Figure 59.

K,COj
MeOH

Figure 59: Synthesis of Co(dbm)2(5,5-ethynyl-2,2"-bipyridine).
The solid was then isolated and combined with 2.5 equivalents of potassium carbonate in
a THF water mixture and stirred overnight to remove the trimethylsilyl protecting groups. The
reddish pink solid was then washed on a vacuum filter with ethanol and water, then recrystallized
from methylene chloride and cyclohexane in the freezer overnight to give a yield of 54%. ESI
LR-MS: m/z [(CC)2-bpy]" calculated 204.07, found [MH]" 205.0766; m/z [Co(dbm)((CC)2bpy]"
calculated 486.08, found 486.0782; m/z [Co(dbm)2((CC):2bpy] calculated 709.15, found

709.1516. UV-Vis spectrum (C2H3N), nm: 190, 275, 337.

4.2.5 Electrochemistry

Solution electrochemistry was carried out using acetonitrile or methylene chloride as a
solvent in a three-electrode cell. Solvents were dried over molecular sieves and degassed with
nitrogen prior to use and tetrabutylammonium hexaflurophosphate was added to the solvents as
an electrolyte at a concentration of 0.1 M. All electrochemistry was carried out with a constant
stream of nitrogen to maintain an inert atmosphere. In all cases the working electrode was glassy
carbon, the counter electrode was a platinum wire, and a silver wire was used as a pseudo-

0/+

reference electrode. All scans were then reference to the ferrocene/ferrocenium (Fc”™) redox

couple.?**
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4.2.6 Chemical Oxidations

Chemical oxidations were carried out in dry degassed acetonitrile using nitrosonium
hexaflurophosphate. Nitrosonium hexfluorophosphate stock solution was prepared in an inert
nitrogen atmosphere with a concentration of approximately 14.8 mM. Additions of 100 uL were
then made to cuvettes containing [Co(dbm)2((CC)2bpy)] (0.2 mM) and [Co(acac)2((CC)2bpy)]

(0.064 mM) until the samples were completely oxidized as evidenced by the UV-Vis spectra.

4.3 Characterization of B-diketonate complexes

4.3.1 Mass Spectrometry of Complexes

Mass spectrometry of both complexes are as expected and consistent with the results
reported by Harding. The B-diketonate ligands appear to be fairly labile and, in both complexes,
significant dissociation appears to take place during the ionization process.

In the case of [Co(acac)2((CC):2bpy)](Figure 60) specifically there are three peaks of
immediate importance in the mass spectrum corresponding to protonated free bipyridine ligand
at m/z = 205.0766, the complex minus one acac ligand at m/z = 362.0454, and a comparitively

smaller peak attributed to the intact complex at m/z = 461.0915.
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Figure 60: ESI mass spectrum of Co(acac)2((CC):bpy).

In the mass spectrum of [Co(dbm)2((CC):bpy)] (Figure 61) there is evidence for a

protonated CC»-bipyrdine ligand at m/z=205.0761 and another peak corresponding to the loss of

a B-diketonate ligand [Co(acac)((CC)2bpy)]" at m/z = 486.0782. The expected major peak for

the molecular ion [Co(dbm)2((CC):bpy)]" at m/z = 709.1516 corresponding to the molecular ion

is present but is minor compared to the other peaks.
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Figure 61: ESI mass spectrum of Co(dbm)2((CC)2bpy).
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4.3.2 Electronic Absorption Spectra of [Co(acac)2((CC)z2bpy)] and
[Co(dbm)2((CC)2bpy)]

The electronic spectra of the two complexes appears to be heavily dependent on the
nature of the B-diketonate ligands. The spectrum of [Co(acac)2((CC)2bpy)] complex in Figure
62 shows a strong absorbance at 311 nm with buried smaller peaks at 269 nm, 286 nm, and 324
nm that result in a broad absorbance around 300 nm. Strong absorbance is also seen in the far-
UV at 200 nm and below. Upon oxidation the spectrum changes drastically and splits into two
major peaks in the near-UV at 273 nm and 336 nm. Absorbance of the complex at 244 nm and
below also increased drastically. This is similar to a related complex [Co(tmhd)2(bpy)] reported
by Harding which featured p-diketonate ligands with trimethyl groups at the R positions and
showed a major peak at 284 nm which converted to three major peaks at 236 nm, 298 nm, and

342 nm after oxidation.
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Figure 62: Absorbance spectra of 0.064 mM [Co(acac)2((CC):bpy)] in acetonitrile in reduced (solid red) and
oxidized (dotted blue) states.

The spectrum of [Co(dbm)2((CC)2bpy)], seen in Figure 63, is considerably different
with major peaks at 251 nm and 322 nm with a broad shoulder around 350 nm. Like

[Co(acac)2((CC)2bpy)] there is an intense absorbance in the far UV near 200 nm but unlike
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[Co(acac)2((CC)2bpy)] the sharp increase in absorbance upon oxidation is not seen in this
region. Upon oxidation the peaks at 251 nm and 322 nm shift with new major peaks seen at 275
nm and 337 nm. Notably, the intensity of the 337 nm is much greater than that of the 322 nm
peak. This behavior is promising for an electrochromic requiring a high degree of contrast been
the transmission intensities of the on and off states. Strong absorbance is seen in the far-UV here
as well but the changes in absorbance of this region following oxidation are less notable. Again,
the spectra changes caused by oxidation are similar to the analogous dbm-containing complex
reported by Harding with initial peaks at 247 nm and 350 nm and peaks at 230 nm, 292 nm, and

388 nm.
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Figure 63: Absorbance spectra of 0.2 mM [Co(dbm)2((CC):bpy)] in acetonitrile in reduced (solid red) and
oxidized (dotted blue) states.

4.3.3 Electrochemistry of [Co(acac)2((CC)2bpy)] and [Co(dbm)2((CC):2bpy)]

Both B-diketonates display irreversible electrochemistry in both acetonitrile and
dichloromethane consistent with the results previously reported by Harding. This
electrochemistry shows a clear dependence on the nature of the $-diketonate ligand and peak

separation is much larger in the case of the dbm complex.
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A cyclic voltammogram of [Co(acac)2((CC)2bpy)] taken in acetonitrile at a scan rate of
100 mV/s is shown in Figure 64. This voltammogram displays an oxidation wave at 0.14V vs

O with a peak splitting of 346 mV when examined at

Fc”* and a reduction wave at -0.34 V vs Fc
a scan rate of 100 mV/s. Minor waves can be seen at 0.03 V and -0.15 V vs Fc”". Scan rate
dependence (Figure 65) shows a linear relationship between peak current and the square root of

the scan rate for the peaks at 0.14V vs Fc”* | -0.34 V vs Fc”*, and -0.15 V vs Fc”* are linear

(Figure 66), consistent with a solution phase species.®®
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Figure 64: Cyclic voltammogram of Co(acac)2(bpy) in acetonitrile with 0.1M concentration of supporting
electrolyte taken at a glassy carbon electrode with a scan rate of 100 mV/s.
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Figure 65: Cyclic voltammograms of [Co(acac)2((CC):bpy)] taken at multiple scan rates in acetonitrile with a
0.1 M concentration of supporting electrolyte.
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Figure 66: Linear relationship of measured peak currents of [Co(acac)2((CC):bpy)] compared to the square

root of the scan rate.

Similar behavior is shown by [Co(dbm)2((CC):2bpy)] and is shown in Figure 67. There is

an oxidation peak at 0.10 V vs Fc

0/+

, a reduction peak at -0.64 V vs Fc

0/+

and a peak separation of

740 mV when examined at a scan rate of 100 mV/s. Unlike [Co(acac)2((CC)2bpy)] there are no

minor peaks present. Voltammograms takes at varying scan rates (Figure 68) also show a linear
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relationship between the square root of the scan rate and the measured peak current (Figure 69)
indicated that this is also a species in solution. Additionally, both redox events are clearly
dependent on the other as shown by the decrease in measured peak current with repeated scans

when the potential window is restricted to just one peak (Figure 70).
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Figure 67: Solution electrochemistry of Co(dbm)2(bpy) in methylene chloride with 0.1 M concentration of
supporting electrolyte taken at a glassy carbon electrode with a scan rate of 100 mV/s. The small peak visible
at 0.3 V is due to a contaminant present in the background.
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Figure 68: Cyclic voltammograms of [Co(dbm)2((CC):2bpy)] taken at multiple scan rates in acetonitrile with a
0.1 M concentration of supporting electrolyte.
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Figure 69: Linear relationship of measured peak currents of [Co(dbm)2((CC):bpy)] compared to the square
root of the scan rate.
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Figure 70: Repeat scans of [Co(dbm)2((CC):2bpy)] taken in acetonitrile at 500 mV/s.

Peak currents observed in both cases exhibit a linear relationship to the square root of the
scan rate consistent with the behavior of a species in solution. The large difference in peak
separation makes sense considering the much larger diketonate ligands present in
[Co(dbm)2((CC):2bpy)] that likely contribute to a larger reorganization energy. Curiously, in
both cases the profiles of the oxidation and reduction peaks are markedly different in shape and

appearance with larger peak currents observed for the oxidation.
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Voltammograms of both complexes are similar to those obtained by Harding although
only [Co(dbm)2((CC)2bpy)] has an analogue in Harding’s work. Curiously, Harding noted three
peaks for the analoguous complex, and oxidation peak at -0.07 V and a pair of reduction peaks at
-0.38 V and -0.61 V vs Fc”". The peak at -0.38 V was considerably smaller and attributed to a
high-spin cobalt(IIl) intermediate formed immediately upon oxidation, the bulk of which rapidly
converts to a low-spin cobalt(III) that is more stable than the high-spin intermediate and more
difficult to reduce.”® This is a consequence of the electronic rearrangement that are represented
as steps B and C in the RCSCO square scheme. Electrochemical irreversibility in RCSCO
reactions comes not just from the initial change transfer event but also from the electronic
restructuring represented by the spin exchange constant.®® Appearance of a minor reduction peak
would indicate that the spin exchange constant for Harding’s analogous [Co(dbm)2(bpy)]
complex is relatively small leading to a mixture of high-spin and low-spin configurations at room
temperature.

The lack of minor peaks in cyclic voltammograms of [Co(dbm)2((CC)2bpy)]
electrochemistry likely signifies that Kese 3+ equilibrium constant is small and thus
overwhelmingly favors the formation of the low-spin state at room temperature. This may be due
to the influence of the ethynyl groups on bipyridyl basicity. Ring substituents are known to
change the basicity of the 2,2’-bipyridine ligand.?*>**" It is not unreasonable to speculate that an
electron-donating functional group might increase the basicity of the bipyridyl nitrogens and
therefore increase the ligand field splitting energy of the complex result in a greater stabilization
of the low-spin cobalt(I1l) that leaves no high-spin intermediate available to reduce under
experimental conditions. However, ethynyl groups are electron withdrawing,?*! not donating, and

their influence on the electronic properties of the ligand should reduce the basicity of the two
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bipyridyl nitrogens. Therefore, the lack of a high-spin cobalt(IIl) intermediate cannot be
explained by increased ligand field caused by increased sigma bonding from the bipyridine
ligand. However, the reduced electron density in the bipyridyl aromatic system caused by the
ethynyl group could lead to comparatively less electron density around the newly formed
cobalt(IIT) and make that metal center more acidic.2*®2>* This increased Lewis acidity could
increase the affinity of the metal center for the -diketonate ligands and play a role in shifting the
spin exchange equilibrium to overwhelmingly favor the low-spin cobalt(IIl) complex.

[Co(acac)2((CC)2bpy)] appears to have minor reduction and oxidation peaks at 0.03 V vs
Fc%”" and -0.146 V vs Fc”* respectively. These might also be ascribed to intermediates like those
reported by Harding with a high-spin cobalt(IIl) intermediate responsible for the early reduction
at -0.146 V vs Fc”" and a low-spin (S=1/2) cobalt(I) intermediate that rapidly converts to the
high-spin S=3/2 state could be the cause of the oxidation seen at 0.03 V vs Fc”*.

The presence of high- and low-spin intermediates in the voltammograms of the
voltammograms of [Co(acac)2((CC)2bpy)] that are not seen in [Co(dbm)2((CC)zbpy)] indicates
that factors other than substituents on the bipyridine ligand can influence the stability of these
intermediates. Clearly, the B-diketonate ligands play a role as well. This difference is likely due
to the R-groups on the acac and dbm ligands. The phenyl groups of 1,2-diphenylpropane-1,3-
dione are much larger than the methyl groups on acetylacetone, and from Harding’s X-ray
studies it is known that the diketonate ligands bind to the cobalt(Il) center at an angle and
reorient themselves upon oxidation of the complex to cobalt(III). In this angled arrangement the
phenyl groups of the dbm ligand likely experience unfavorable steric interactions with the
adjacent bipyridyl ligand that favor the more octahedral conformation assumed by the complex

upon oxidation. The acac ligands with only methyl groups probably experience less steric
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interactions with neighboring ligands and can thus accommodate a wide array of coordination

geometries required by the various spin state intermediates.

4.4 LbL Growth Attempts

4.4.1 Methods

4.4.1.1 Surface Preparation
Sections of ITO coated glass were cleaned by sonication in ethanol or methanol followed
by sonication in a 2:1 solution of ethanol or methanol and water saturated with potassium
carbonate. These slides were then rinsed with water, dried under a stream of nitrogen, and placed
in a solution of 1.5 mM 11-azidoundecylophosphonic acid in THF. Slides were left in this
solution for at least 24 hours to allow self-assembly of the phosphonate monolayers to take place.
Once ready, the slides were removed from solution and rinsed with THF before drying under a
stream of nitrogen. Slides were then annealed for at least one hour at 75°C before use.
4.4.1.2 Layer Growth Solutions
2mM solutions of complex and 2.5 mM solutions of ethynyl ferrocene were prepared in
dimethylformamide and stored for use as needed. Copper ligand solutions to catalyze the click
reactions were prepared ahead of time as well in a 50:50 mixture of distilled water and dimethyl
sulfoxide containing copper sulfate and tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) ligand
were added to achieve concentrations of 38.5mM and 45.5 mM respectively. Reductant solutions
of 2,5-diterbutylhydroquinone were prepared in dimethylsulfoxide fresh at a concentration of
39.6 mM. 20 mM solutions of the 1,3,5-tris(azidomethyl)benzene (mestylene) linker was
prepared in dimethylformamide and stored for use as needed.
4.4.1.3 Layer Growth Procedure.

Layer click solutions were made by combining aliquots of copper ligand solution,
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reductant, and complex to achieve final concentrations of 5.5 mM and 6.5 mM, 11.3 mM, and
1.14 mM respectively. Linker reaction solutions were prepared in an identical fashion to achieve
a linker concentration of 5.7 mM. ITO slides were placed face-down on glass microscope slides
with glass spacers and the reaction solutions were dispensed beneath the slide. The slide was
then left for at least ten minutes before rinsing with dichloromethane, a 6.5 mM solution of
disodium EDTA in a 1:1 water ethanol solution, ethanol, and finally distilled water and dried
under a stream of nitrogen. Layer growth was followed spectroscopically using an Agilent 8453

diode array.

4.4.1.4 Electrochemistry

Surface electrochemistry was carried out in a three-electrode cell with the ITO substrate
serving as a working electrode. The electrolyte solution of 0.1 M tetrabutylammonium
hexaflurophosphate (TBAPFg) in acetonitrile contained in a Teflon cone above the working
electrode. This cone also contained the platinum wire counter electrode and silver pseudo-
reference electrode. All scans were referenced to the ferrocene/ferrocenium redox couple
measured in a separate three electrode cell with the same psudeo-reference and counter
electrodes and a glassy carbon working electrode and performed using Pine Wavedriver

potentiostat.

4.4.2 Verification of SAM Formation
4.4.2.1 Electrochemical Response of an Ethynyl Ferrocene Monolayer
SAM formation was verified by test CuUAAC reactions of ethynyl ferrocene onto azide-
functionalized ITO glass. Cyclic voltammograms, shown in Figure 71, of this surface taken in

acetonitrile 0.1 M tetrabutylammonium hexafluorophophate electrolyte display gaussian waves
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with a peak width of 272 mV at 100 mV/s. This gaussian behavior together with the linear
relationship displayed between peak current respect to scan rate (Figure 72), is consistent with a

surface bound species. This confirms that the phosphonate SAM formed as expected.
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Figure 71: Cyclic voltammogram of ethynyl ferrocene bound to a phosphonate SAM on ITO glass in
acetonitrile with 0.1M TBAPFg electrolyte.
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Figure 72: Relationship of measured peak currents and scan rate.

Integration of the oxidation and reduction waves taken at a scan rate of 100 mV/s allows

for the determination of the amount of charge passed. These values may be used to calculate the
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surface coverages in terms of molecules per square centimeter using the following relationship.
r=-—- )
Where A is the area of the electrode surface in centimeters, n is the number of electrons,
F is Faraday’s constant in coulombs per mole., Q is the amount of charge passed in coulombs,
and T is the surface coverage measured in molecules/cm?. Using this relationship of surface
coverage of 1.17 x10'"* molecules/cm? was determined. This coverage is consistent with

monolayer formation®® and serves to further confirm that surface functionalization was indeed

successful.

4.4.2.2 Layer Growth Of Zinc Tetraphenylethynylporphyrin

As an additional test of phosphonate SAM formation three layers were grown on ITO
using a zinc tetraphenylporphyrin (ZnTPEP) that was previously studied in our lab.*° This was
done because reliable layers have been grown with consistent success in the past. Identical layer
growth procedures as those used with both pB-diketonates with the exception that the ZnTPEP
solution had a concentration of 2.85 mM instead of 1.14 mM. This multilayer was green when
viewed with the human eye. The UV/Vis spectra seen in Figure 73 of ZnTPEP are difference
spectra with the absorbance of the bare SAM on ITO subtracted from the absorbance of each
layer. With each layer added absorbance increased linearly across the spectrum. The spectra

show a large peak at 442 nm, and three smaller peaks at 310, 568, and 613 nm.
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Figure 73: Spectroscopic response of three layers of ZnTPEP deposited on an ITO SAM using mestylene
linker molecules.

4.4.3 Layer Growth Attempts With [Co(dbm)2((CC)2bpy)] and
[Co(acac)2((CC)2bpy)]

Layer growth using phosphonate SAMS on ITO glass (Figure 74) was attempted for both
[Co(acac)2((CC)2bpy)] and [Co(dbm)2((CC)2bpy)] using CuAAC LbL techniques. For each

attempted layer UV-Vis spectra were taken of the coated ITO slides to measure layer growth

spectroscopically.
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Figure 74: Multilayer growth scheme incorporating [Co(acac)2((CC):bpy)]and [Co(dbm)2((CC):2bpy)].
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Initial layer growth experiments conducted in this manner were not encouraging. At first,
only a single layer seemed to be forming according to absorbance measurements. This was soon
attributed to the differences in solubility between the f-diketonates and the mesitylene linker.
The copper TBTA ligand solution requires water and dimethyl sulfoxide as solvents combined in
a 1:1 volume ratio, the reductant is dissolved in DMSO, while the chromophore and linkers
require solvents that are miscible with these other cosolvents. This severely limits solvent
options and poses some challenges. During initial layer growth attempts the -diketonates were
dissolved in DMF and the mesitylene linker was dissolved in DMSO according to previous layer
growth procedures with tetraphenyl porphyrins. Using these solvents only one layer was
consistently observed in UV-Vis spectra and attempts at growing additional layers were
inconclusive. Once this issue was identified it was hypothesized that the low solubility of the -
diketonates in DMSO was preventing the mesitylene from reacting with surface-bound f-
diketonates in good yield and a new methylene linker solution was prepared in DMF. Once this
change was made the spectra like those shown in Figure 75 and Figure 76 were collected which
indicated consistent layer growth with each deposition step.

ITO coated glass absorbs strongly in the near-UV which requires that difference spectra
be taken to adequately visualize layer growth. Other artifacts are also present in the spectrum due
to the absorbance of the ITO substrate including sharp spurious peaks which sometimes appear
between 500 and 700 nm and an occasional decrease in absorbance in the region above 400 nm
which may occur in some spectra as a result of a changing index of refraction as layers are
deposited causing an apparent decrease in absorbance as light is refracted away from the
detector. The changes in the spectra caused by layer deposition are small but compelling.

Because of the influence of ITO on the spectra an exact match to the solution spectra cannot be
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expected but the growth of peaks in the 300 to 400 nm range are expected and consist with the
measured solution spectra for both complexes. Encouragingly, the changes in absorbance with
each layer of [Co(dbm)2((CC):bpy)] (Figure 75) and [Co(acac)2((CC)2bpy)] (Figure 76) are

both linear.
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Figure 75: Layer growth spectra of [Co(dbm)2((CC):bpy)] the inset in the top right shows the increase in
absorbance at 360 nm for each added layer.
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Figure 76: Layer growth spectra of [Co(acac)2((CC):2bpy)]. The inset in the top right shows in the increase in
absorbance with each layer at 357 nm.

Layers of [Co(dbm)2((CC)2bpy)] show a broad absorption between 300 and 400 nm with
peaks at 307 and 360 nm. The absorbance of even four layers is small with a maximum of 0.014.
Attempted multilayer growth experiments of [Co(acac)2((CC):bpy)] resulted in similar spectra
with peaks visible at 305 nm and 357 nm but with a smaller maximum absorbances of just
0.0077.

Using a modified Beer’s Law for self-assembled monolayers, together with the
electrochemically determined surface coverage for a ferrocene monolayer, the spectroscopic
response of a monolayer of both complexes can be calculated using estimated molar absorptivity
coefficients derived from solution studies using the following equation:

A =1000erl 3)

Where ¢ is a molar absorptivity coefficient in units of L-mol!-cm™ and I is surface
coverage in mol-cm™.?>! Using a molar absorptivity corresponding to the major peaks seen in the

layer growth experiments at 322 nm for [Co(acac)2((CC)2bpy)] and 311 nm for
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[Co(dbm)2((CC)2bpy)] of 2855 L-mol™'-cm™ and 4177 L-mol™-cm™ respectively. Using these
values together with an assumed surface coverage of 1.94 x 107'% mols/cm? gives expected
absorbances for a single monolayer of complex of 0.0006 for [Co(acac)2((CC):2bpy)] and 0.0008
for [Co(dbm)2((CC)2bpy)].

The actual measured absorbances for monolayers of both complexes are larger than are
predicted by Beer’s law. The monolayer of [Co(dbm)2((CC)2bpy)] shows an absorbance of
0.0041 at 311 nm and the monolayer of [Co(acac)2((CC):2bpy)] has an absorbance of 0.0012 at
322 nm. This combined with the linear absorbance increase with each layer deposited is
encouraging and suggests that multilayers are forming with good coverage. However, these
absorbances are much less than what was achieved with ZnTPEP which had a monolayer
absorbance of 0.2589 at 442 nm. Furthermore, multilayers of ZnTPEP are visibly green to the
human eye while multilayers constructed of both [Co(dbm)2((CC)2bpy)] and
[Co(acac)2((CC)2bpy)] on ITO have no visible color at all.

Taken all together these observations would seem to indicate that these B-diketonates
may not be suitable for electrochromics in their current form. The linear changes in the
absorbance do suggest that multilayers are forming. Differences between the predicted and
measured absorbances would also seem to indicate that monolayer formation with these f3-
diketonates was more successful than the test monolayers formed by ethynyl ferrocene.
However, the overlap of ITO’s absorbance spectrum with the absorbances observed for both 3-
diketonates as well as the differences in spectral features make it difficult to claim success with

any degree of confidence.

4.4.4 Cyclic Voltammetry of Co(dbm)2((CC)22,2’-bpy) Monolayers

Electrochemistry of presumed monolayers of [Co(dbm)2((CC):2bpy)], shown in Figure
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77, tails to display the oxidation and reduction waves that would have been expected based on
the solution electrochemistry. However, two irreversible electrochemical waves are visible with
an oxidation wave at 1.28 V vs Fc”" and a reduction wave at —0.64 V vs Fc”* and an overall
peak splitting of 1.92 V although some drift in these potentials was observed over repeated
experiments. While the peak splitting is much larger than what was observed in solution at first
glance this high degree of peak splitting is not unreasonable. Furthermore, these two peaks are
clearly linked. Repeated scanning in both the anodic (Figure 78) and cathodic (Figure 79)
directions show a clear decrease in measured currents indicating that the reduction process

requires the oxidation process to take place first.
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Figure 77: Electrochemistry of a presumed monolayer of [Co(dbm)2((CC):bpy)|taken at 250 mV/s beginning
at 0.3 V vs Fc”" an scanning anodically.
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Figure 78: Repeat scans of the oxidation peak of a presumed monolayer of [Co(dbm)2((CC):bpy)] taken at
500 mV/s.
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Figure 79: Repeat scans of the reduction peak of a presumed monolayer of [Co(dbm)2((CC):bpy)] taken at
500 mV/s.

ITO has a relatively high resistance and surface anchoring may inhibit some of the
geometric rearrangements that accompany SCO. With these two factors in mind a shift to higher
potentials in both the anodic and cathodic directions is not an unreasonable expectation. These

peaks are clearly linked as shown by repeated scans of each peak taken at 500 mV/s. Both peaks
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diminish with repeated incomplete cycles showing that that the oxidation is clearly required for
the reduction to take place and vice versa. Analysis of the scan rate dependence and peak
currents here shows a linear relationship when compared to the square root of the scan rate,

indicating that this reaction involves a species in solution and not on the surface.

4.4.5 Cyclic Voltammetry of [Co(acac)2((CC):bpy)] Monolayers
Electrochemistry of presumed monolayers of [Co(acac)2((CC):2bpy)], shown in Figure
80, displays similarly irreversibly electrochemistry with an oxidation peak at 1.5 V vs Fc"* a

reduction wave at -0.85 V vs Fc”" and a peak separation of 2.35 V.

-6e-5

4e-5 T

-2e-5 T

2e-5 +

Current (A)

4e-5 +

6e-5 +

8e-5 t i } 3 }
2.0 1.5 1.0 0.5 0.0 -0.5 1.0 -1.5

Potential (V vs Fc%*)

Figure 80: Electrochemistry of a presumed monolayer of [Co(acac)2((CC):bpy)] taken at 250 mV/s.

4.4.6 Background Solution Electrochemistry of an Azidophosphonate SAM on
ITO

Electrochemistry performed using an untreated phosphonate SAM on an ITO electrode in
acetonitrile with 0.1M TBAPFs, shown in Figure 81, displays electrochemistry very similar to

that observed with both [Co(acac)2((CC)2bpy)] and [Co(dbm)2((CC):2bpy)] indicated that the

observed electrochemistry is indeed due to reactions with the solvent and not with a bound
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species. At this scan rate the oxidation event occurs at 1.14 V vs ferrocene and the reduction

peak is at -0.9 V vs ferrocene, with a total peak separation of 2.04 V.
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Figure 81: Cyclic voltammogram of an ITO SAM in acetonitrile at 250 mV/s.

When measured peak currents, shown in Figure 82, are compared to scan rate the
relationship is clearly non-linear ruling out the presence of a surface-bound species. The peaks
currents do however increase linearly with respect to the square root of the scan rate, a clear

indication that this process involves a species in solution.
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Figure 82: Scan rate dependence for background electrochemistry observed in acetonitrile using an untreated
phosphonate SAM on ITO.
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4.4.7 Speculations on the Nature of the Observed Electrochemistry

Scan rate dependence data indicates that the observed redox reactions are not due to
surface-bound species but rather to a species in solution. Since the observed behavior is
inconsistent with what would be expected of either B-diketonate complex in solution the obvious
conclusion would seem to be that this is instead some kind of reaction with the acetonitrile
solvent. The exact nature of this reaction is unclear, but the data could indicate the buildup of
acetonitrile-derived polymers on the electrode surface. This is supported by the observed
decreased in peak currents seen during repeated cycling of monolayers and by the observation of
the formation of a yellow precipitate when oxidation potentials were held constant during
attempted spectroelectrochemical experiments. It has been reported that acetonitrile forms
graphene-like polymers under extreme temperature and pressure conditions to form graphene-
like networks.?> While electrochemically catalyzed versions of this reaction have not been
reported it is plausible that oxidized or reduced acetonitrile species may undergo polymerization
reactions during cycling experiments. If a polymer network is indeed forming from reactions of
acetonitrile, it may be depositing a film on the ITO surface. This could explain the decrease in
peak current seen in the cyclic voltammograms after repeated cycling at 500 mV/s in Figure 83

and Figure 84.
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Figure 83: Repeat scans performed with two presumed layers of [Co(dbm)2((CC):bpy)] at 500 mV/s.
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Figure 84: Repeat scans performed with two presumed layers of [Co(acac)2((CC):2bpy)] at 500 mV/s.

4.5 Some Explanations for the Apparent Lack of Multilayer
Electrochemistry

Spectroscopic evidence for multilayer growth was obtained for both
[Co(dbm)2((CC)2bpy)] and [Co(acac)2((CC)2bpy)]. The measured absorbances of these
multilayers are small and difficult to distinguish from the ITO background but there is reason to

believe that layer growth did occur. The following subsections will discuss several factors which
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could influence both multilayer growth and electrochemistry.

4.5.1 The Complexes are Unstable in Experimental Conditions

It is possible that the complexes are somewhat unstable in click conditions. The 2,5—di-
tert-butylhydroquinine used as a reductant in the CuAAC solutions is slightly acidic. The pH of
the click solution is approximately 4.5. It is possible that these conditions were sufficient to
cause some degradation of the complexes by protonating the B-diketonates. This is possible and
future work should explore the stability of these complexes under acidic conditions and in the
presence of different reducing agents. It is possible that more success would be had using sodium
ascorbate as a reductant instead of hydroquinone since the ascorbate salt would not introduce
additional protons into the click solutions. Alternatively, a buffered CuAAC solution may correct
this issue. However, because some surface changes were observed during the course of
multilayer experiments it may be more productive to consider the influence of ligand structure on

LbL fabrication methods.

4.5.2 Confinement in the Multilayers Inhibit RCSCO

One factor which could explain the lack of RCSCO is the triazole linkages formed during
the CuAAC reaction. The effect of functional groups bound to the bipyridyl rings can be
profound. Differences in electrochemistry between Co(dbm)2((CC):2bpy) and the analogous
complex studied by Harding demonstrated the effect of the ethynyl groups on the electronic
properties of the bipyridyl ligand. It follows that triazole rings could also influence the
electronics of these complexes, but another cause for concern is the geometric confinement that
the triazole linkages and the entire multilayer might impose on these complexes. Large geometric
rearrangements are known to accompany SCO in transition metal complexes. In their X-ray

crystallographic studies Harding noted a AX of 52 and noted that the B-diketonate ligands shifted
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from an angled to planar coordination geometry. The bonding angles of the bipyridine ligand
also change upon oxidation. If the triazole linkages are restricting the movement of these
complexes that could explain that lack of observed RCSCO.

Steric interactions between polymer chains in the multilayer could also be at fault. As
stated already, there are significant geometric rearrangements that accompany RCSCO and if the
ligands of adjacent complexes in the multilayers experience steric interactions this could also

result in the lack of observed RCSCO.

4.5.3 Steric Hindrance is Preventing the Click Reactions

Another possible explanation for the lack of multilayer growth is that the steric hindrance
is preventing the click reaction from proceeding with a good yield. A proposed mechanism for
the copper(]) catalyzed azide-alkyne cycloaddition (Figure 85) involves multiple intermediates
which undergo multiple rearrangements form the triazole ring beginning with the formation of a
o,n-di(copper) acetylide which comes together with the terminal azide group on the second
molecule to form a cyclic intermediate as part of a larger catalytic cycle leading to the formation

of the triazole heterocycle.?>
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Figure 85: Mechanism of the copper(I) catalyzed azide-alkyne cycloaddition reaction. Adapted from the
mechanism proposed by Zhu and coworkers.>*

While the triazole ring formation has been said to mostly ignore steric bulk there are
instances where the steric bulk of nearby functional groups has been identified as a possible
limiting factor in CuAAC reactions of esters,>>* and high-weight polymers.?>> Another steric
concern could arise due to the shepherding ligands used to guide the copper(I) catalyst. Many of
these ligands, including the tris(benzyltriazolylmethyl)amine ligand used here, are large and
sterically bulky. Ligand-free versions of this reaction are possible,>**>>® however, eliminating
this ligand from the reaction or using a smaller ligand may introduce new issues since the
shepherding ligands are vital to ensure that the reaction takes place quickly with good yields.?’

With this in mind, it is probably better to consider how the structures of the complexes may

influence reaction intermediates and how synthetic modifications may help to alleviate steric
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obstacles to multilayer formation.

In the past our group has had success in growing multilayers of zinc complexes of
ethynyl-functionalized tetraphenylporphyrins and functionalized perylenedimides.?3!** In both
cases the ethynyl group is attached to an intermediate phenyl ring which is in turn attached to the
central structure of the molecule. One explanation for why those multilayers could be built
reliability is the presence of these spacers. This arrangement likely grants additional flexibility to
ethynyl group which could be more amendable to the intermediates formed during the formation
of the triazole moiety. The idea that the ethynyl group attached directly to the bipyridyl ring
lacks the flexibility needed to form the cyclic intermediates is compelling, however, reactions of
similar ethynyl groups on an aromatic ring without spacers have been reported with yields as
high as 85% on an azide-functionalized surface.?®! Adding spacers between the bipyridyl ring
and the ethynyl group might still solve the apparent reactivity problem but not because the
spacers would confer greater flexibility but because the increased size would move the ethnyl
groups away from the sterically bulky pB-diketonate ligands.

Many B-diketonate derivatives are sterically bulky due to the structures of their R-groups.
In the complexes synthesized for this research these R-groups are close in proximity to the
ethynyl functional groups intended to take part in the CuAAC reaction. The proximity of these
groups can be clearly seen in geometry optimized structures of [Co(acac)2((CC)2bpy)] and
[Co(dbm)2((CC)2bpy)] modeled in Avogadro (Figure 86).2°>?%° In Harding’s complexes, X-ray
studies revealed that structures of the cobalt(Il) and cobalt(IIT) oxidations states of these
complexes assume very different conformations. It might then be worth considering whether
attempting the click reaction with the oxidized versions of [Co(dbm)2((CC):2bpy)] and

[Co(acac)2((CC):2bpy)] but measurements obtained from Harding’s X-ray structures of
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Co(tmhd)2(bpy) of the distance between the central R-group carbon in the f-diketonate tertbutyl
groups and the 5-carbon of the bipyridyl ring show differences on the scale of just one tenth of
an angstrom. Thus, while the geometry of the cobalt(Il) and cobalt(IIl) complexes might be very
different overall, in this one aspect the geometry is not different enough to hypothesize that
multilayer growth might be more successful with the oxidized cobalt(III) complex. Synthetic
alterations that move the ethynyl group away from the influence of the -diketonate R-groups are

therefore the only realistic alternatives.

Figure 86: Geometry optimized structures of (A) Co(acac):((CC):bpy) and (B) Co(dbm)2((CC):bpy).

4.6 Future Directions for p-diketonate Multilayers

The primary appeal of molecular electrochromics and the multilayer assembly approach
used in this research are how easy the two are to customize. This customizability can be
exploited in the future to design new B-diketonate complexes more suitable for use in
electrochromic multilayers. The two main approaches for this are both synthetic and involve the
design and synthesis of alternative bipyridyl ligands intended to add spacer atoms between the
bipyridyl ring and the ethynyl groups to remove the steric hindrance that may have been
preventing layer growth. The third approach does not directly address the issues that have been

identified so far, but instead seeks to address some of the anticipated issues that might arise as a
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result of geometric confinement caused by packing of multilayer structures that could influence

RCSCO behavior.

4.6.1 Adding Spacers to the Bipyridyl Ligand

There are two main paths forward concerning the addition of spacers between the
bipyridyl rings and the ethynyl groups that are essential for CuUAAC reactions. One option is to
insert a phenyl ring between the bipyridyl and the ethynyl group. This approach is inspired by
the tetrapheynylethynylporphyrins and perylenediimimdes used by our laboratory in the past.
The other option is to use carbon chains of various lengths as our spacers. Both of these
approaches have their merits and if they successfully enable layer growth in the future, they will

also introduce additional variables to control multilayer formation and behavior.

4.6.1.1 Addition of Phenyl Ring Spacers to the 2,2-Bipyridyl Ligand

The first of these proposed solutions includes a phenyl spacer similar to that found on the
tetraphenylethynylporphyrins our group has used in the past. This approach, shown in Figure 87,
uses a procedure published by Nitschke?** beginning with the synthesis of 5,5'-bis(4-
(trimethylsilyl)phenyl)-2,2'-bipyridine from trimethyl[4-(trimethylsilyl)phenyl]stannane and
5,5’-((bistrimethylsilyl)ethynyl)-2,2’-bipyrdine in dimethylformide treated with lithium chloride
and dichlorobis(triphenylarsine)palladium. Treatment of this intermediate with iodine
monochloride would then remove the trimethylsilane groups and introduce halogen leaving
groups in preparation for the Sonogashira coupling that follows. The resulting diyne 5,5'-bis[4-
(tri-methylsilylethynyl)phenyl]-2,2'-bipyridine can then be used in place of 5,5°-
((bistrimethylsilyl)ethynyl)-2,2’-bipyridine in the synthesis of both B-diketonate complexes and

deprotected using calcium carbonate after the complex has been synthesized.
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Figure 87: Reaction scheme for the synthesis of ethynyl-functionalized bipyridine ligands incorporating
phenyl spacers.

An advantage of this approach is that the phenyl spacers might be amenable to further
synthetic modification. For example, the addition of a charged functional group might improve
ion conductivity through the multilayers. Intercalation of electrolyte is essential for facilitating
charge transfer reactions in films and polymers.?®>2% It follows then that control over ion
conductivity could be an important parameter in designing electrochromic multilayers.

The simplest way to synthesize this spacer (Figure 88) is to start from 2,5-
dibromobenzenesulfonic acid and replace the bromine leaving groups with trimethylsilane. There
are two possible synthetic routes that can accomplish this. One involved a palladium-catalyzed
reaction of 2,5-dibromobenzenesulfonic acid with hexamethyldisilane.?®” Given that the
synthesis of the proposed bipyridyl ligand already includes two palladium-catalyzed reactions
this route is not unfeasible but would likely introduce additional time-consuming purification
protocols and the value of using an expensive catalyst to make this precursor is questionable
when palladium-free mechanisms are also possible. These less-expensive methods involve the
reaction of 2,5-dibromobenzensulfonic acid with two equivalents of chlorotrimethylsilane
catalyzed by the presence of magnesium in diethyl ether.?®® Deprotonation of the sulfonic acid
could be done at the end of this synthesis or after the bipyridyl ligand has been fully synthesized

but should be done before complexation to avoid protonating the B-diketonates. Phenyl spacers
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with other charged functional groups could be synthesized through similar routes starting from
the relevant precursor including 2,5-dibromonitrobenzene and 2,5-dibromobenzoic acid. There
are some downsides to this approach, namely that the proximity of the charged functional group
to one of the silane leaving groups could interfere with the coupling reactions needed to attach
this spacer to the bipyridyl ligand, but if the addition of spacers leads to successful multilayer

assembly this could be an additional avenue to explore.
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Figure 88: Proposed silation of 2,5-diebrombenzenesulfonic acid.
4.6.1.2 Addition of Alkyl Spacers to the 2,2-Bipyridyl Ligand

Another option involves the addition of an alkyl spacer between the ethynyl group and
the pyridine rings. The appeal of this approach is that the length of the alkyl spacer can be varied.
If complexes made from this ligand can be synthesized and clicked to the onto an azide-
functionalized surface and those complexes exhibit RCSCO as expected, or if they do not, other
complexes can be readily synthesized with different chain length until successful attachment and
RCSCO is observed or to investigate the effects of spacer length on click reaction yields or on
charge transport through the multilayers. A generic structure of these modified bipyridyl ligands

is shown in Figure 89.
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Figure 89: Generic structure of a ethynyl-functionalized bipyridine ligand with alkyl spacers of variable
length.

The alkylboranes used in this reaction are commonly available in a variety of chain
lengths. Presumably, longer spacers will slow charge transfer and thus there is likely a practical
limit to how long these spacers can be. For this reason, spacers of 2-4 carbons should be
attempted first. This is depicted in Figure 90 and would first involve the synthesis of alkyl-
functionalized bipyridine ligands beginning with a Suzuki-Miyaura coupling reaction using an
alkylborane featuring alkyl chains of the desire length. This could then be followed up by a
reaction with 3-bromoprop-(1-yn-1-yl)trimethylsilane to add the needed ethynyl groups which

could then be deprotected with potassium carbonate once the complexes have been assembled.?*’
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Figure 90: Reaction scheme for incorporating alkyl spacers into the bipyridne ligand.

In much the same way as the phenyl spacers making possible additional synthetic
modifications, this approach offers other options as well. The inclusion of one or two double

bonds in these carbon chains could confer greater rigidity to the spacer. This could be used to
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control multilayer packing and to maintain proper orientation of the alkyne groups if the spacers

turn out to be too flexible for CuAAC reactions to take place.

4.6.2 Changes to Azide Surface Density

Packing of layer-linker strands within a multilayer may turn out to affect RCSCO
behavior. This is related to the possible challenges that may be posed by the triazole linkages
enforcing some kind of geometric confinement on the complexes. Steric interactions between
adjacent strands could have a similar effect on RCSCO behavior. Some steric hindrance may not
be entirely undesirable if it has the effect of increasing the bistability of the two spin states. This
packing may be controlled by changing the density of available azide groups on the surface for
complexes to reach with. SAM azide density can be easily controlled by dilution of the azide-
functionalized SAM molecules with SAM-forming alkyl chains show Figure 91.
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Figure 91: General schematic of 11-azdoundecylphosphonate monolayer assembled using diluent alkyl
chains.

This has been done frequently in the case of thiol-based SAMs on gold,?® and in principle
there is nothing stopping this approach from being used with phosphonic acid SAMs as well.
Here the 11-azidoundecylphosphonic acid would be diluted with alkyl phosphonates. These are
easily available commercially owing to their use as surfactants with multiple chain lengths

available. This approach would primarily address the potential problem of steric hindrance
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between chains of B-diketonate that might act to inhibit geometric rearrangements around the
metal center. Multiple ratios of alkyl and azide chains could be tried to determine the ideal ratio.
On the surface this would result in separation between azide functional groups that allow more
space for the click cyclization to take place and more room for the geometric rearrangements
required for RCSCO to take place. This approach may be useful if adding spacers to the
bipyridyl ligand fails to produce the desired results although it is possible that a combination of
approaches will be required to successfully assemble functional RCSCO multilayers. If steric
interactions between adjacent strands does indeed affect redox bistability then this could also
become an easy route to tuning bistability by controlling the packing of the RCSCO

electrochromophores.
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5. CONCLUSION

Spin crossover is a versatile phenomenon and one of the most interesting topics currently
studied by inorganic and physical chemists. SCO had broad applications in computing and
display technologies should scientists manage to synthesize functional molecules that can be
reliably controlled at room temperature using acceptable stimulus. To date, most efforts have
focused on temperature, pressure, or light-induced spin crossover. While the data from these
experiments is interesting and these variations of SCO are worthy of study they suffer from
several limitations. Nearly all envisioned applications for SCO materials require that the low-
spin and high-spin states both exhibit stability and this behavior is typically conferred by
interactions between molecules in a crystal lattice or with intercalated solvent molecules. This
limitation means that SCO in the liquid phase or at an interface are rare. Furthermore, some more
common spin crossover behavior like light-induced excited spin state trapping (LIESST) are only
seen at very low temperatures. These factors limit the applications of current SCO materials.
Less well studied varieties of spin crossover, RCSCO and CISCO, have many parallels with
natural systems and allow for functionalities not seen in more conventional SCO systems.

Chapter two summarized the current state of CISCO research and sought to identify gaps
that currently exist in the literature while providing a resource to scientists who want to know the
current state of the field. CISCO takes advantage of differences in ligand field strength induced
by different ligands to control metal spin states through reversible coordination reactions. In
cobalt(III) or iron(III), coordination of a ligand induces a high-spin to low-spin transition as a
result of increased field splitting induced by the new ligand. In the case of nickel(Il) centers the
change in coordination geometry causes a low-spin to high-spin transition. CISCO offers a route

toward bistable SCO systems with much relevance to catalysis, and inorganic biochemistry.
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CISCO has not garnered a much interest historically, but there is a growing body of work
showcasing the efforts of scientists to design molecular machinery capable of regulating ligand
binding.

The third chapter of this thesis concerned a five-coordinate cobalt salen that exhibits
ligand-dependent redox-coupled spin crossover. This combined two varieties of spin crossover
that are often closely linked in biological systems. In cytochrome P450 a bound water molecule
keeps the heme active site locked in a low spin resting state. The bound axial water enforces a
relatively large ligand field splitting energy that keeps the e, orbitals out of reach of easy
reduction. Once displaced, those orbitals lower in energy enough to be easily reduced by P450’s
redox partner allowing the catalytic cycle to go forward. We exploited a similar effect in our
studies of this cobalt salen. Cobalt(II) is commonly seen in SCO research but there are few
examples of CISCO. This is because cobalt(Il) is a d’ transition metal and as such will always
have at least one unpaired electron no matter its coordination environment. Coupling RCSCO to
CISCO here opens up an entirely new subfield of cobalt-based CISCO that has yet to be studied
in detail. The high-spin cobalt(Il) prefers a five-coordinate environment, but once oxidized to a
high-spin d° the metal center will readily bind an additional ligand which enforces a low spin
configuration on the metal center. Furthermore, our work shows that we can easily control the
reduction potentials of the bound complex in much the same way that water and other ligands
control the reduction potential of cytochromes heme group. Using a series of ligands consisting
of nitrogen-containing heterocycles and a trio of anions we showed that the electrochemical

irreversibility of the Co'!!!

can be easily modified by the addition of Lewis bases of increasing
strength. In the case of pyridine derivatives this is easily correlated to the electron donating or

withdrawing ability of the para substituent and can be readily predicted by referencing the
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substituent’s Hammett parameter. A more universal predictor of the reduction potential of the
bound cobalt(III) is the gas phase basicity of the ligand. Like Hammett parameters this value can
be easily found in literature and in cases where GPB is not already available the value can be
calculated using well-established DFT methods. The largest deviations from this trend were the
observed anions hydroxide, bromide, and chloride, which had significant peak splitting and did
not correlate linearly with the gas phase basicity of the other ligands. This is easily explainable
as all three of these anions possessed negative charges that the other ligands lacked. This
negative charge introduces additional electrostatic considerations that explain the increased
reduction potentials. This research represents an important first step in harnessing the CISCO
and RCSCO phenomenon to create tunable spin switches from cobalt coordination complexes.

Future directions of research concerning related salens may consist first of constructing
multilayer films on ITO coated glass or a suitable gold substrate. Preliminary attempts at
multilayer growth using a salen functionalized with ethynyl groups at the R> position were
unsuccessful. Difficulties finding a suitable solvent in which these complexes were soluble was a
challenge, although it is possible that impurities in the sample were to blame. Reattempting this
synthesis to confirm if solubility was indeed the main problem is probably worthwhile. If
solubility was indeed the issue it may be addressed by further synthetic modifications at the R or
R> positions. However, it is possible that further modification of these positions will change the
complex’s electrochemistry.

Incorporation into multilayers offers several challenges as well. The structural
rearrangements involved in CoSIn*’s RCSCO process may be hindered by confinement in the
multilayer structure, in which case synthetic modifications similar to those described for the -

diketonates in Chapter 4 might be considered. Another challenge could arise from interactions
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between bound CoSIn™ and unreacted azides on the surface. Observations of preliminary
monolayer electrochemistry would seem to indicate that this is a possibility as well as literature
data from similar interactions involving cobalt porphyrins attached to an electrode surface.'#’
This could be addressed by a decrease in azide surface density. This approach is elaborated on in
Chapter 4 in the context of B-diketonate multilayers.

An alternate route to further exploration of ligand-dependent RCSCO in CoSIn™ involves
additional solution studies using salen ligands modified at the R position to incorporate
proximal ligands. This approach is common in the CISCO literature, examples of which can be
found in Chapter 2. This would offer an interesting way to design electrochemically controlled
molecular switches and motors. It would also remove the need to have free ligand present in
solution. This could be an advantage in constructing multilayers if ligand penetration of the
multilayers proves difficult.

Finally, chapter four detailed our attempts to grow multilayers of RCSCO active cobalt
diektonate complexes. This research was informed by our group’s past success with building
functional multilayers of azide-functionalized gold and ITO glass substrates. Ultimately these
efforts were unsuccessful but the results we obtained give us several paths forward for future
work. The RCSCO that these complexes showed in solution and the drastic spectral changes
observed upon oxidation made these complexes promising candidates for electrochromic
multilayers assembled using CuAAC cycloadditions. However, evidence of layer growth on ITO
was dubious and surface RCSCO was not observed. The reasons for this are likely due to steric
hindrance caused by the proximity of R-groups on the B-diketonate ligands interfering with the
CuAAC cyclization intermediates. Fortunately, there are multiple synthetic routes and procedural

changes that may address this problem in the future. These include extra synthetic steps in the
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synthesis of the bipyridyl ligands to introduce more flexible spacers expected to better
accommodate the click reaction’s intermediates and changes to the SAM procedure to allow
more space chains to electrophores to remove the steric influence of adjacent molecules.

There are multiple paths forward concerning both the five-coordinate cobalt salen and the
cobalt B-diketonates presented here. Both of these complexes offer numerous paths forward
ranging from fundamental solution electrochemical studies to proof-of-concept functional
electromic multilayers and molecular machines. Interest in SCO materials is growing with many
new examples of CISCO published in the last decade. There are still many gaps in the literature
and new angles to explore. Both RCSCO and CISCO receive less attention than other SCO
mechanisms and any work done in this area has the potential to shape the development of these
growing fields.

Numerous synthetic pathways are likewise possible for the B-diketonate complexes. Most
of these involve synthetic modifications to impart additional flexibility to the bipyridyl ethynyl
group to facilitate multilayer formation. That said, there are still ample room for solution studies.
While Harding et al. have already studied the electrochemistry and crystal structures of a series
of related B-diketonate complexes they did not establish a firm relationship between the nature of
the B-diketonate R-groups and the RCSCO behavior of the related complexes. Failure to detect a
high-spin cobalt(IIl) intermediate in the case of Co(dbm)2((CC):bpy) natural inspires questions
about the nature of this intermediate and how bipyridyl structure influences its lifetimes. Solution
electrochemical studies of a series of related complexes with different bipyridyl ligands could
uncover interesting trends here. The apparent dependence on -diketonate R-groups in these

interactions could also be worthy of further study.
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APPENDIX A. LIGAND TITRATION CURVE FITS

Table 4: Collected bindfit links for the N-containing heterocycles bound to Co™SIn" and Co"'SIn studied in

Chapter 3.
Host Complex Ligand Bindfit Link
Py trial 1 http://app.supramolecular.org/bindfit/view/9¢9d4 1b6-7b8b-4cf5-990f-0bf5191a6612
Py trial 2 http://app.supramolecular.org/bindfit/view/bbd1956d-dbd0-4945-b1bb-7b276b87b30e
Py trial 3 http://app.supramolecular.org/bindfit/view/85debc6c-df86-4b67-9749-d256589e1091
Py trial 4 http://app.supramolecular.org/bindfit/view/9885df3-f35e-4580-bd51-1764e315f63b
Im trial 1 http://app.supramolecular.org/bindfit/view/09ee6464-7cfc-4d51-ade6-d3b1£882889b
Im trial 2 http://app.supramolecular.org/bindfit/view/5af4cebd-0d47-4e5a-8ad1-ad1298323824
Im trial 3 http://app.supramolecular.org/bindfit/view/2352a4 7e-f867-42b4-bcb2-52027¢97132¢
Im trial 4 http://app.supramolecular.org/bindfit/view/19f3ba8c-4352-4529-aff6-b594bb881954
Im trial 5 http://app.supramolecular.org/bindfit/view/e51658bd-da9d-420-9653-a37b462fd9f9
Pic trial 1 http://app.supramolecular.org/bindfit/view/3c24c2ft-8¢ 1b-4726-b653-6b964719de99
Pic trial 2 http://app.supramolecular.org/bindfit/view/eb2c08bc-7795-412d-b831-2¢ 1581969294
Pic trial 3 http://app.supramolecular.org/bindfit/view/b2640461-5¢48-446d-9 1 ce-ad8fd 1 0dfd4b
Pryzl trial 1 http://app.supramolecular.org/bindfit/view/efc2a2 1 e-aa57-49d5-9c92-18ba03ea5 1 ea
Pryzl trial 2 http://app.supramolecular.org/bindfit/view/46£52dd7-47d3-4954-96¢8-e9aal a2a0164
Pryzl trial 3 http://app.supramolecular.org/bindfit/view/7a9210a6-3e0d-4300-9cee-2a55e76dbab7
Pryzn trial 1 http://app.supramolecular.org/bindfit/view/206fda01-12f9-401c-ba7a-298e5e6ebfcd
Co'"Stn* Pryzn trial 2 http://app.supramolecular.org/bindfit/view/1e0ca2cb-e853-4883-bcd3-{f537824577¢
Cnpy trial 1 http://app.supramolecular.org/bindfit/view/469¢c1889-18fa-4e5¢c-bb71-c41e067eab9d
Cnpy trial 2 http://app.supramolecular.org/bindfit/view/5e1ef86£-02¢9-478d-9297-12e4026570fc
Cnpy trial 3 http://app.supramolecular.org/bindfit/view/d2f0de3e-e120-4a69-bb52-313181d3d319
Ampy trial 1 http://app.supramolecular.org/bindfit/view/17908546-311b-4381-98c-0957fc08eada
Ampy trial 2 http://app.supramolecular.org/bindfit/view/bba27482-f9d1-4fe9-892d-2510e933bf60
Ampy trial 3 http://app.supramolecular.org/bindfit/view/0 1 efbfc4-46d8-419£-9768-d5741fcc75¢8
Bpy trial 1 http://app.supramolecular.org/bindfit/view/49c682cf-b517-44ad-b558-17f81675fec6
Bpy trial 2 http://app.supramolecular.org/bindfit/view/6422c6f4-dbd1-405a-8efa-6f141afb91c2
Dmapy trial 2 http://app.supramolecular.org/bindfit/view/de7330dc-10f1-496a-bb70-c2c35ed022bd
Dmapy trial 3 http://app.supramolecular.org/bindfit/view/9a99201c-13b4-421c-8147-9¢39c9ee83ee
Dmapy trial 4 http://app.supramolecular.org/bindfit/view/efa6b584-0736-4034-a1bb-5d6576ec6edS
Dmapy trial 5 http://app.supramolecular.org/bindfit/view/4219d492-e83f-4e01-8d49-1c3f92de4b0
Bix trial 1 http://app.supramolecular.org/bindfit/view/70918de1-a42e-4cel-a0b7-24a5ff7d3da3
Bix trial 2 http://app.supramolecular.org/bindfit/view/486803a1-9¢07-4b33-8346-8d8e2blcc19f
Bix trial 3 http://app.supramolecular.org/bindfit/view/c875ee2b-b648-490a-8f4d-10b156835¢70
Py Trial 1 http://app.supramolecular.org/bindfit/view/0d43c2¢2-d439-4405-b471-8e48c59f
Im Trial 1 http://app.supramolecular.org/bindfit/view/5d4bf8fd-1edf-4512-a00-363eb27dd0e0
Im Trial 2 http://app.supramolecular.org/bindfit/view/e55f286d-0203-48a5-b666-b161769baeOb
Pic Trial 1 http://app.supramolecular.org/bindfit/view/0fb3408a-320d-45¢cb-9f70-b8d58307a147
Dmapy Trial 1 http://app.supramolecular.org/bindfit/view/0fb3408a-320d-45¢cb-9f70-b8d58307a147
Co'SIn Dmapy Trial 2 http://app.supramolecular.org/bindfit/view/0fb3408a-320d-45cb-9170-b8d58307a147

Dmapy Trial 3

http://app.supramolecular.org/bindfit/view/849157d0-cee1-4d2d-9¢30-1¢c3¢c908cdea

Dmapy Trial 4

http://app.supramolecular.org/bindfit/view/849157d0-cee1-4d2d-9¢30-1¢3c908¢

Ampy Trial 1

http://app.supramolecular.org/bindfit/view/a859478e-3c42-420c-837d-ed536b65d28

Bix Trial 1 http://app.supramolecular.org/bindfit/view/6fc0f7eb-21cd-469d-b9ca-06d9232abf1 1
Bpy Trial 1 http://app.supramolecular.org/bindfit/view/33fa7639-b21c-42d2-a217-9982e98cc903
Bpy Trial 2 http://app.supramolecular.org/bindfit/view/99a864b9-5966-419¢c-85bf-0255ab57c2fb
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