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Abstract

The necessity for new grid energy storage techniques, for example, redox flow batteries
(RFBs), will be vital as consumption of renewable energy sources continues to increase.
Nickel-based dithiocarbamate and dithiolate complexes are important for potential use as
catholyte in non-aqueous redox flow batteries. The unique redox cycle of nickel
dithiocarbamates (Ni(dtc),) displays 2e- chemistry upon oxidation from Ni(Il) — Ni(IV)
but 1e- chemistry upon reduction from Ni(IV) — Ni(III) — Ni(II). The underlying reasons
for this cycle lie in the structural changes that occur between four-coordinate Ni(dtc), and
six-coordinate [Ni(dtc)s]*. Cyclic voltammetry and spectroscopic experiments show that
these 1le- and 2e- pathways can be controlled by the addition of ancillary ligands such as
pyridine derivativesand Lewis acidssuchas Zn(Il). Nickel dithiolate complexes also show
2e-redox chemistry based on similar principles.

Chapter 1 provides a general overview of the need for RFBs, how they function,and a
description of electrochemical techniques which are employed in later chapters. Chapter 2
focuses on the mechanistic study of the addition of different pyridine-based ancillary N-
donor ligands (L) to the Ni(dtc), solution. These studies show that 1e- oxidation of Ni(dtc),
produces a mixture of five-coordinate [Ni(dtc),L]* and six-coordinate [Ni(dtc),(L)2]*
intermediates which decay to [Ni(dtc)s]* by parallel pathways. The equilibrium constants
for L coordination were determined and found to increase with larger pK, values of the
pyridine base. Chapter 3 reports how 2e- efficiency and reversibility of Ni(dtc), can be
improved. The addition of Zn(ll) to the electrolyte is shown to consolidate the two le-

reduction peaks into asingle 2e-reduction where [Ni(dtc)s]* isreduced directly to Ni(dtc),.



The use of Zn (I1) to increase the reversibility of 2e- transfer is a highly promising result
which points to the ability to use nickel dithiocarbamates more effectively in RFBs.
Chapter 4 discusses the synthesis and electrochemical characterization of two dithiolate -
based ligands and their corresponding Ni(Il) complexes. Finally, Chapter 5 discussed the
importance of ionic exchange membranes in RFBs, revealing the best commercially
available membrane for low-cost, robust, and conductive anion exchange in acetonitrile-

based RFBs.
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Chapter 1

An Introduction to Redox Flow Batteries and Multi-electron Redox Couples

1.1 Challenges in Energy Security and Storage: The global energy crisis faces a dual
challenge: the need for more energy and less carbon emission. A statistical review
provided by British Petroleum (BP) for world energy in 2019 can be seen in Figure 1.1.
Greenline shows the projected current energy supply trend, and the red line shows the
actual projected energy demand trend. If we keep the currentenergy supply trend it will
be around 32% by 2040, and the actual projected energy demand will be around 68% by
2040. The green dot line shows the current CO, emission trend if we stop emission now
and the orange dot line presents the required negative CO, emission for rapid change.! In
2012 around 40% of energy consumption in the USA was from electricity with the
demand rising all over the world and projected to be double by 2050. Fossil fuels supply
68% of today’s electrical energy while 6% comes from renewable energy sources.24 The
urgency of energy security suggests an imminent shift from hydrocarbon fuels to
environmentally friendly and renewable energy sources because of the depletion threat of
fossil fuels and the long-term harmful environmental effects of greenhouse gas

emissions.>



Figure 1.1. BP statistical review of world energy, 2019. The green solid line shows the
projected current energy supply trend, and the red line shows the actual projected energy
demand trend. The green dot line shows the current CO, emission trend without change

and the orange dot line presents the required negative CO,emission for rapid change. 1

Solar and wind energy are the most copious and easily accessible amongthe available
renewable energy sources, which are essential components of future global energy
production. Despite the amount of available renewable energy on any given day,
renewable sourcessuch as solar and wind energy are intermittent, variable, and diffuse.
Figure 1.2 and Figure 1.3 shows that the amount of available renewable energy just in

the United States in forms such as solar or wind power is staggering.6.
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Figure 1.2. Photovoltaic solar resource of the United States.®
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Low-cost electrical energy storage (EES) will become essential to balance the

variability of renewable energy production. Underlying these considerations, the need for



energy storage is greater than ever. The development of redox flow batteries (RFBs) has
been one of the primary responses to the need to store harvested renewable energy for

improving grid reliability and utilization. -8

1.2 Redox Flow Batteries: The architecture and redox-active components in an RFB
are shown in Figure 1.4. The anolyte and catholyte are two electrolytes that contain
redox-active molecules. The anolyte contains molecules that are reduced to store energy
and oxidized to release energy at redox potential E,. On the other hand, the catholyte
contains molecules that are oxidized to store energy and reduced to release energy at

redox potential E..

Discharged

Electrode
3p04323|3

A% 4 cred _ Ared + Cox
Discharged Charged

A - Anolyte — Oxidized during Discharge
C — Catholyte — Reduced during Discharge

Figure 1.4. lllustration of a redox flow battery and its components.



The catholyte is stored in the negative cell and the anolyte is stored in the positive cell
and they are separated by an ion-selective membrane. When operated in a flow-through
mode, soluble redox couples dissolved in liquid media and stored in large reservoirs can
be supplied to the electrochemical cell on-demand where redox chemistry occurs at each
electrode. Depending on the solvent, RFBs fall into two categories. The firstcategory is
aqueous redox flow batteries (ARFBs) where water is used as the solvent and the second
category are non-aqueous redox flow batteries (NARFBs) where a non-aqueous solvent
such as acetonitrile (MeCN) is employed.® Furthermore, RFBs are also defined based on
the redox-active molecules, where symmetric RFBs are ones in which the catholyte and
anolyte are the same redox-active molecule which possesses two different redox
potentials and asymmetric RFBs contain catholytes and anolytes which are molecularly
different. The latter type of RFB is most common and favorable to the design of large cell

voltages (Ecen).1°

1.2.1 ARFBs: The most common type of commercially available RFBs utilize aqueous
electrolytes; however, because of the small voltage window of water (1.23V), the
maximum Egy attainable for catholyte/anolyte combinations is limited. The most
common redox-active components of ARFBs are vanadiumions. Vanadium possesses
four different stable, soluble oxidation states (\V'W"WIV/V) which provide the possibility to
be used as both the anolyte and catholyte in symmetric RFBs. Figure 1.5 shows some
ARFBs half-reactions with their cell voltages (V = Eci). Notably, all vanadium system
needs concentrated sulfuric acid to dissolve components and a cation exchange

membrane to pass H* ions between electrolytes.® The iron-chromium system is an



asymmetric ARFB, which is cheaper than all-vanadium RFBs but cross-over of iron and
chromium molecules through the ion exchange membrane leads to capacity loss over
time (i.e. capacity fading).1l A third ARFB type worth mentioning is the vanadium-

bromine system which employs 2e- redox chemistry.12

. V3 e ¥ ig
All-vanadium system Vite V =1.26 vs. RHE
VO2* + H,0 VO, + 2H + e

. Fe?* ——— Fe¥*+e
Iron-chromium system V =1.18 vs. RHE
Cr+e == Cr?
2CI + Br =— BrCly + 2¢’
or
Vanadium-bromine system g4 o« CiBr, + 20 V=1.10 vs RHE

2VBr; + 2e°

2VBr; + 2Br

Figure 1.5. ARFB half-cell reactions along with overall cell voltages (V = E).2

Despite their low materials cost and high solubility of electrolytes, ARFBs suffer from
numerous drawbacks, e.g., low energy density (~50 W-h L), limited operational
temperatures (0-100 °C), and a narrow electrochemical solvent window (1.23 V).13 To
overcome those limitations, non-aqueous redox flow batteries were introduced to the
energy storage community due to their expansion of the operating potential window that

has a direct effect on the system’s energy and power densities.2

1.2.2 NARFBs: An alternative approach to ARFBs is using non-aqueous solvents to
expand the electrochemical solvent window and thus increase the possible range of Ecey.
For example, MeCN is stable over a 5 V potential window, which improves nearly 4-fold

over the operating voltage window for water.14 Both metal complexes and organic



molecules have been used in NARFBs. Different metals such as V, Cr, Mn, Co, Cu, and
Ni complexes bearing acetylacetonate (acac), dithiolate, dithiolene, 2,2'-bipyridine (bpy),
and cyclopentadienyl ligands have lately gained attention as electrolytes for NARFBs. As
redox reaction occurs at the metal center, a large degree of tunability can be achieved by
altering both the metal center and ligand.15-17 Organic molecules like quinones,
anthraquinones, viologens, TEMPO, and phenothiazines along with others are the
common electrolytes that have been used in NARFBs.18-24 Figure 1.6 shows some
inorganic and organic NARFBs redox reactions. Some are single electron transfer, and

some are multi-electron transfer redox events.
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Figure 1.6. Electrochemical reactions of organic NARFBs.24

Redox-active molecules should have the following five properties. They should (1)

undergo Kinetically fast and chemically reversible redox reactions; (2) have high



chemical, electrochemical, and cell-component stabilities in multiple charges (oxidation)
states; (3) exhibit high solubility in multiple charge states; and (4) be accessible from
inexpensive, earth-abundant starting materials.2> Important challenges for NARFBs
compared to ARFBs are related to improving solubility and finding suitable ion exchange
membranes for non-aqueous solvents. To date, the maximum solubility of transition
metal complexes for NARFBs with n = 1 (for example dimethyl ethyl ferrocenyl methyl
ammonium TFSI (Fc1IN112- TFSI ) reach saturation at 1.8 M in propylene carbonate
solvents and with multiple electron transfers (n > 1, tetraethylammonium salts of
tris(mnt) vanadium(1V) ([V(mnt)3 ]>~; mnt =(NC),C,S,*" )) reach saturation at0.8 M in
acetonitrile. For comparison, the solubility of vanadium salts in ARFBs is ~2 M.14.26 |n
terms of membranes, most of the capacity fading issues for NARFBs are due to the
crossover of electrolytes through the membrane. Most of the available membranes were
originally developed for aqueous fuel cells and therefore work well in ARFBs. However,
finding suitable, robust membranes for non-aqueous solvents such as MeCN has yet to be
done. Chapter 5 discusses benchmarking studies for a series of commercially available

ion exchange membranes to assess their viability in NARFBs.

1.2.3 Membranes: In MeCN NARFBs, the ideal membrane should offer the following
properties: high stability in MeCN solvent, high permeability to the charge-carrying ion,
low electric cell resistance, the low crossover of redox-active catholyte and anolyte
molecules?’-29, high thermal resistance, high mechanical stability, and low cost. Figure
1.7 shows how RFB membranes allow only passage of selective ions but keep redox-

active species separate by blocking them from the crossover and membrane



improvements in terms of stability and cost could have a significant impacton NARFBs
performance. The current standing of membranes that are used in all types of NARFBs is

summarized in arecent review.30

e e
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Figure 1.7. RFB membranes permit movement of specific ions but keep redox-active
molecules separate. Membrane improvements in terms of stability and cost could have a

significant impact on NARFBs performance.

lon exchange membranes consist of cross-linked polymer chains forming a three-
dimensional network with fixed ionic functional groups to facilitate the movement of
counter ions through the membrane.3! Based on the type of ionic functional groups
connected to the polymer chain, cation exchange membranes (CEMs) and anion
exchange membranes (AEMS) can be envisioned 3132 Membranes are often soaked in the
desired supporting electrolyte for a suitable time to fully exchange the mobile counterions
with the solution counter ions before any battery operation or experiments. More about

membrane function is discussed in the chapter 4. Figure 1.8 shows radar plots of the



performance properties of different membranes. Figure 1.8 (a) shows that dense ceramic
membranes are not practical because of their low ionic conductivity, high cost, and low
mechanical stability, although they possess high ionic selectivity and low swellability.
Both CEMs and AEMs have high ionic selectivity but struggles in all other properties in
the non-aqueous solvents, see Figure 1.8 (b-c). On the other hand, porous membranes (in
Figure 1.8 (d)) possess all good properties but low ionic selectivity leads to high
crossover. Figure 1.8 (e) shows modified composite membranes with low ionic

conductivity and high cost. Intrinsic composite membranes also struggle in low ionic

conductivity, high cost, and mechanical stability as shown in Figure 1.8 (f).30

a) Dense ceramic b) ¢) Anion exchange
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Figure 1.8. Radar plots of the performance properties of different membranes.30
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Since 1956, numerous studies have been focused on the industrial application of bipolar
membranes (BPMs), which are made of both an anion-selective layer and a cation-
selective layer in the same membrane. Having both anionic and cationic exchange
abilities, BPMs have great capabilities in RFBs because of their appropriate balance
between proton conductivity and anion permeability.10.33 Figure 1.9 shows a BPM
sandwiched structure design for vanadium RFBs where SPEEK (sulfonated polyether
ether ketone) and QAPSF (quaternized polysulfone) serve as cation exchange layer and

anion exchange layer, respectively.3

Figure 1.9. BPM design sandwiched structure for Vanadium RFB application.33

1.2.4 RFB Performance Parameters: RFB performance can be assessed by a number
of parameters. The first and foremost parameter is battery cell voltage (Ece) where Eg =
E. - Ea. The difference in redox potential between anolyte (E,) and catholyte (E;) drives
the movement of electrons.3* Theoretical Egy is calculated by the redox potential of
catholyte and anolyte but actual E is often different because of internal resistance due
to the supporting electrolyte and the electrochemical kinetics of catholyte and anolyte

redox chemistry. Another important parameter is the storage capacity and can be

11



calculated by Equation 1.1. Theoretical electrolyte capacity (C;) is defined as the amount
of charge (Ah) stored in each volume of electrolyte. Here, n isthe number of electrons
transferred in the redox reaction, V is the volume (L) of the anolyte/catholyte solution,
Cacive 1S the concentration (mol/L) of catholyte/anolyte, and F is Faraday’s constant

(96485 A/mol).

1.1) C;=nV Cagive F/ 3600 =NV Cagive X 26.8 (A h/L)

Storage capacity can be multiplied by Ee to result in the energy density (E) of an RFB
in units of Wh/L Equation 1.2).42535 Additionally, the power density (pg) of an RFB is
defined by Equation 1.3, where I is the discharge current (A) and A is the active surface
area (cm2) of the membrane separator. Some other important parameters are defined in
Equation 1.4-1.6. The coulombic efficiency, in particular, will be discussed later in

Chapter 3 as a measure of chemical stability for a 2e- catholyte redox molecule.

1.2) E=nV Ecenl Cactive F = Cap Ecenn (Wh/L)

1.3) (Pa)=(I Veen) / A (W/cm?2)

1.4) State of charge (SOC) = Ceharge/ Ct

1.5) Coulombic Efficiency (C.E) = ( Caischarge / Ccharge )

1.6) Energy Efficiency (E.E) = Egischarge / Echarge

Regrettably, presently available RFBs suffer from low energy densities, severely

limiting their scope of application. The very low energy density is ascribed to the low

12



solubility of catholytesand anolytes, single electron transfer (n = 1), and small E¢;.34 The
voltage window can be enlarged by designing anolytes molecules with highly negative
redox potentials and catholytes molecules with highly positive redox potentials while
increasing the number of transferred electrons to n =2 could double the energy density of

an RFB.25

1.3 Two-Electron Redox Couples: Moleculesthat can store multiple electrons fall into
two categories: those which have multiple 1le- redox couples and those which have a
single multi-electron redox couple. To date, most studies on RFB molecules have focused
on the former category.3414.3637 In the multiple 1e-redox couple scenario, the two redox
potentials are often separated by more than 0.3 V. This results in dramatic shifts in
battery voltage and power when the RFB is charged or discharged. In contrast, a
molecule with a single 2e- redox couple would have the same capacity as two 1e- redox
couples; however, Eq would maintain a constant value during charging and discharging.
Figure 1.10 shows a comparison of the catholyte potential (E;) between one 2e-redox
couple (1x2e-) and two le-redox couples (2x1e’). The 2x1e curve does showa higher E.,
but only for one of the two electrons. Discharging this molecule thus results in a large
drop in E¢ beyond a 50% SOC. By comparison, a 1x2e-redox couple would maintain a

consistent E; over the entire charge-discharge cycle.
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Figure 1.10. Simulated charge-discharge curves for two catholyte molecules: one with
two le- redox couples (2x1e-) and one with a single 2e- redox couple (1x2e-). X-axis

Time is charge/current.

1.4 Ni(dtc), Redox Chemistry: A general strategy for 2e- redox chemistry is electron
transfer coupled with the chemical bond formation and/or bond breaking. One of the best
examples is the 1/l3 redox couple, where oxidation of iodide results in the high yield
formation of I-1 bonds and reduction of I3-breaks I-1 bonds to return to I-. Figure 1.11 (a)
shows the relevant Latimer diagram where the favored 2e- reactivity results from
potential inversion between the le- I3/l and I,*/l- redox couples.38-42 like the 1-/13
couple, Ni(dtc), (nickel(ll) bis-dithiocarbamate) also possess 2e- redox chemistry based
on a similar Latimer diagram shown in Figure 1.11 (b) where L= Et,dtc". To see a
reversible redox wave corresponding to a 2e- couple, it first requires the inversion of
reduction potentials. Here, oxidation of Ni' to Ni'VLs* occurs at0.01 V vs Fc*/0 and the
le-oxidation potential of Ni'L, to Ni'VLz* oxidation occurs at a more negative potential

than the 1e- oxidation potential of Ni''L, to Ni"'L, oxidation. In this case, Ni"'L, is highly
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unstable, yet the oxidized Ni'V state can be stabilized by the coordination of third L,

generating potential inversion. 43.44
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'3 0,98 ly oo |
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Figure 1.11. (a-b) Comparison of Latimer diagrams of I37/1- redox cycle and the proposed

Ni(I\V/I1) redox cycle. Potentials reported vs Fc*/0, L = Et,dtc-.

Ligand Coupled Electron Transfer (LCET) is a process, where electron transfer
occurred coupled with metal-ligand bond formation. This process is complementary to
the electron transfer results in the formation of a chemical bond to H* which is known as
Proton Coupled Electron Transfer (PCET). Potential inversion in the Ni(IV/Il) redox
couple happens because of two reasons: (1) the natural occupancy of d-orbitals as a
function of nickel oxidation state and (2) the resonance character of the dtc- ligand. Ni'lL,
is a square planer because (Ni'" d8) occupancy of high energy d-orbitals offersa resistance
toward coordination numbers greater than four.4>->1 Other first-row transition metals such
as Co(ll), Fe(I1), and Mn(Il) readily form [M(dtc)s]- complexes. These all have empty or

partially filled eq orbitals.5253 Figure 1.12 describes the 2e- oxidation of Ni'(dtc), to
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[Ni'V(dtc)s]*. The d-electron configuration of each metal dictates the coordination

environment and drives the 2e-reaction.
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Figure 1.12. Description of 2e- oxidation of Ni'(dtc), to [Ni'V(dtc)s]*. The d-electron
configuration of each metal dictates the coordination environment and drives the 2e-

reaction.

The dithiocarbamate ligand resonance capability (Figure 1.13) is also an important
feature in its ability to support both Ni(Il) and Ni(IV). The n-donation ability of the N
atom makes the dithiocarbamate ligand a stronger Lewis base than structurally related
anions such as xanthates and dithiocarboxylates. Fackler found that higher e- density on
the sulfur atom is responsible for the stability of higher valent Ni(1V). FTIR and x-ray
crystallography data suggest a shorter C-N bond in the Ni(IVV) complex.5455 Almost all
Ni(IV) complexes found in the literature are 6-coordinate and the 4-coordinate Ni(IV)

complexes formation is expected to be highly unfavorable.56.5758
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Figure 1.13. Resonance structure of the diethyldithiocarbamate ligand.

Although this redox couple has unique properties and potential advantages, still two
important challenges must be overcome if we want to use these moleculesas catholytes
for RFBs: (1) the irreversibility associated with 2e-transfer and (2) the inefficient storage
of electrons. Studies that address these challenges are presented in Chapters 2-4 within

this thesis.

1.5 Conclusions: Energy storage is a vital part of successful renewable energy
implementation. Small molecules can store energy by bond formation coupled with
multi-electron redox reactions. RFBs are promising technology as a solution to fulfill
grid-scale energy demand. ARFBs and NARFBs are the two common types of RFB but
still, there is no perfect RFB electrolyte available in the market. Recent research is
focusing on both anolytes and catholytes reversibility, a number of electron transfer,
stability, and redox potential improvement in both organic and inorganic-based small
molecules. MeCN could be used as the best non-aqueous solvent because of its wide

potential window. So, finding a robust, efficient membrane for MeCN based redox flow
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battery is also necessary. Nickel 1,1-dithiocarbamate and 1,1-dithiolate based complexes
can be developed for potential use as catholytes in NARFBs.

In the next few chapters, fundamental details related to Ni(IVV/11) redox couples and
anion exchange membranes of redox flow batteries will be discussed. Chapter 2
discusses the mechanistic study of Ni(IV/Il) redox chemistry of Ni(Et.dtc), by using
different pyridine-based ligands to trap Ni(lll) intermediates. Chapter 3 explains how the
efficiency and reversibility of the Ni(I\V/Il) couple of Ni(dtc), can be improved to be
effectively used as a catholyte in a NARFB. Chapter 4 describes the synthesis and
characterization of nickel(Il) complexes containing 1,1 -dithiolate ligands along with their
electrochemical behavior. Finally, Chapter 5 discusses the status of ion exchange

membranes in NARFBs and benchmarking comparisons of different membranes.
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Chapter 2

Controlling One-Electron vs Two-Electron Pathways in the Multi-Electron

Redox Cycle of Nickel Diethyldithiocarbamate

Reprinted (adapted) with permission from Mazumder, Md. M. R.; Burton, A.; Richburg, C. S.; Saha, S,
Cronin, B.; Duin, E.; Farnum, B. H. Controlling One-Electron vs Two-Electron Pathways in the Multi-
Electron Redox Cycle of Nickel Diethyldithiocarbamate. Inorg. Chem. 2021, 60 (17), 133883-13399.
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2.1 Introduction: Multi-electron redox couples play a significant role in many
biological and energy conversion/storage processes.-’ These reactions are often achieved
through proton-coupled electron transfer (PCET) where protonation of reduced molecules
results in a condition of potential inversion. This can be seen for the case of the O,/H,0
redox couple where the redox potential of the 2e- H,O,/H,0 couple (1.76 V vs RHE) is
more positive than the 2e- Oy/H,0, couple (-0.68 V vs RHE), resulting in
disproportionation of the H,O; intermediate and an overall 4e- redox couple at1.23 V vs
RHE. A similar scenario can be described for the 2e- quinone/hydroquinone redox couple
wherein protonation of hydroquinone results in disproportionation of the 1e-semiquinone
intermediate. 458

By contrast, transition metal complexes achieve multi-electron redox activity through
ligand-coupled electron transfer (LCET) reactions whereby ligand coordination to the
metal center is coupled to oxidation and ligand dissociation is coupled to reduction.
Importantly, notall LCET reactions result in multi-electron redox activity. There are many
examples of ligand induced shifts in metal-based redox potentials for molecules such as
metalloporphyrins; however, in these examples, the thermodynamics for ligand
association/dissociation for the oxidized and reduced metal center is not large enough to
result in potential inversion.®11 Organometallic reactions such as oxidative addition and
reductive elimination are prime examples of multi-electron LCET reactions. In these
examples, 2e- oxidation/reduction of the metal is accompanied by intermolecular
oxidation/reduction of the incoming/outgoing ligands. Another important type of multi-
electron LCET reactivity includes transition metal complexes where intramolecular ligand

association/dissociation is used to achieve 2e- oxidation/reduction of the metal center.1214
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These types of molecules could have applications as outer-sphere 2e- reductants/oxidants
as well as catholytes/anolytes in redox-flow batteries. The latter case of multi-electron
LCET reactivity is much rarer than the former and therefore understanding the mechanisms
which drive these reactions could lead to new examples of LCET reactivity.

Ni'(dtc),, where dtc- is N,N-diethyldithiocarbamate, is an interesting example of an
intermolecular 2e- LCET redox cycle shown in Scheme 2.1.15-17 Oxidation from Ni''(dtc),
to [Ni'V(dtc)s]* involvesan increase in coordination number from 4 to 6 provided by a third
dtc- ligand derived through intermolecular ligand exchange from a secondary Ni'l(dtc),
molecule, K3 in Scheme 2.1.1618 This ligand exchange reaction generates potential
inversion between the 1le- [Ni'Vl(dtc)s]*0 redox couple (-0.24 V vs Fc*/%) and the le-
[Ni"i(dtc),]*° redox potential (0.25 V vs Fc*/0), resulting in a formal 2e- reduction
potential for the [Ni'V(dtc)s]*/Ni'(dtc), couple at 0.01 V vs Fc*/0in acetonitrile (MeCN),

Equation 2.1.

Fo,=-024V  F°,=-0.71V
[NiV(dtc),]* ==  Ni'l(dtc); = [Ni'(dtc)s]

‘]KJ»:L “ K3~ 1 lf K,<<1
[Ni(dtc),]* —— [Ni'l(dtc),]* = Ni'(dtc),
Fo, E°,=0.25V

Scheme 2.1 Thermochemical cycle describing the electron transfer (horizontal) and ligand
transfer (vertical) reactions involved in the [Ni'V(dtc)s]*/Ni'l(dtc), redox couple.l” All

potentials are reported versus ferrocene (Fc+/°).

2.1) [NiV(dtc)s]* + 1/2 Nil' + 2e- — 3/2 Ni'l(dtc),
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There are two reasons for potential inversion in the [Ni'V(dtc)s]*/Ni"(dtc), redox
couple: (1) the natural occupancy of d-orbitals as a function of nickel oxidation state and
(2) the resonance character of the dtc-ligand. The d8 configuration of Ni(ll) coupled with
dtc- ligands yields a four-coordinate, square planar structure which is strongly resistant
toward axial coordination.19-23 Notably, other first-row transition metals such as Mn(ll),
Fe(ll), and Co(ll) readily form [M(dtc)s]- complexes.?4#2> Upon oxidation, the d8
configuration of Ni(IV) strongly favors a six-coordinate environment, thus promoting
LCET.11.26.27 |ndeed, the conversion between d6 and d& electron configurations is
paramount to LCET examples found in the literature.1214 The dithiocarbamate ligand
resonance capability is also an important feature in its ability to supportboth Ni(ll) and
Ni(IV).% Fackler has suggested that the ability of dtc- ligands to shift electron density onto
the sulfur atoms is responsible for its stability of high valent Ni(IV).32 X-ray
crystallography and FTIR data show a compression of the C-N bond for [Ni'V(n-Bu.dtc)s]*
with respect to Ni''(n-Bu.dtc),, suggesting stronger double bond character and higher
electron density on the sulfur atoms.29.30

The electrochemistry of Ni'l(dtc), in MeCN has been previously studied in the literature
by our group and others.16.17.31 The redox cycle is notable in that Ni''(dtc), undergoes 2e-
oxidation to [Ni'V(dtc)s]* according to an ECE-DISP1 (E = electron transfer step, C =
chemical step, DISP = disproportionation) mechanism, Equation 2.2-2.5. The DISP1
modifier indicates that the chemical step is rate limiting for the production of Ni''(dtc)s
and thus the disproportionation step is the primary pathway for the production of

[Ni'V(dtc)s]*, as opposed to direct oxidation of Ni'l(dtc); at the electrode surface.
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Reduction of [Ni'V(dtc);]* back to Ni'(dtc), occurs through two separate 1e- reductions of
[Ni'V(dtc)s]* to Nil(dtc)s via outer-sphere electron transfer, Equation 2.6, and Ni''l(dtc);
to Ni'l(dtc), via an EC mechanism, Equation 2.7-2.8. Digital simulations of cyclic
voltammograms as a function of scan rate using the mechanism of Equations 2.2-2.8 have

shown excellent agreement with observed data.1’

Oxidation:
2.2) Ni'(dtc), — [Ni(dtc),]+ + e E
2.3) 2[Ni"(dtc),]* + Ni'(dtc), = 2Ni"(dtc); + Ni C
2.4) Nil(dtc); — [Ni'V(dtc)s]* + e E
2.5) [Ni'(dtc),]* + Nil(dtc); — Ni''(dtc), + [Ni'V(dtc)s]* DISP
Reduction:

2.6) [NiV(dtc)s]*+ e- — Nill(dtc)s
2.7) Nill(dtc)s + e- - [Ni'(dtc)s]
2.8) 2[Ni'(dtc)s]- + Nil' — 3Nill(dtc),

Accordingto Scheme 2.1, the ligand exchange reaction shown in Equation 2.3 is an
important step in both oxidation of Ni'l(dtc), and reduction of Ni""'(dtc)s;. The facilitation
of this reaction in the forward direction to form Ni'l(dtc); allows for 2e- oxidation to
proceed; however, the lack of reactivity in the reverse direction forces reduction to occur
through sequential 1e- steps. The details of this reaction are not currently well understood
and likely involve the formation of dimeric species to facilitate ligand exchange. We
previously studied the influence of pyridine onthe multielectron redox cycle of Ni'l(dtc),,
as the coordination environment of the Ni(lll) oxidation state is greatly important in
understanding the kinetic and thermodynamic factors that dictate 2e- versus 1e- redox

chemistry.1” The addition of pyridine was shown to trap Ni(lll) intermediates on the time
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scale of the cyclic voltammetry (CV) experiment and allow for mechanistic information to
be gleaned from the decomposition of these Ni(lll)-pyridine species. The present study
represents an extended electrochemical study using multiple derivatized pyridine ligands
(L) in order to study their general effect on the multielectron redox cycle of Ni'(dtc),. The
addition of these pyridines shows the ability to trap intermediate Ni(lll) oxidation states
prior to ligand exchange and subsequent oxidation to Ni(lIV). Rate constants for ligand
exchange are estimated from CV studies while electron paramagnetic resonance (EPR)
measurements and computational studies provide further insight and support for

coordination of L to the Ni(l1l) metal center.

2.2 Experimental

2.2.1 Synthesis and Characterization: Ni'((dtc), was synthesized by adding two
equivalents of sodium diethyldithiocarbamate trinydrate (Sigma-Aldrich, >99%) to one
equivalent of nickel(Il) chloride hexahydrate (Alfa Aesar, 98%) in water (Millipore, 18
MQ) as described previously in the literature.16.17 A light green solid precipitated instantly
and was filtered under vacuum, washed with cold distilled water, absolute ethanol
(KOPTEC, 200 proof), and diethyl ether (99%, sigma aldrich) with 96% vyield. Solid
product was kept in a vacuum oven (VWR, 1.003 atm, 60° C) until ready for use.
Characterization of the light green solid was performed by H-NMR (acetonitrile-ds,
Cambridge Isotope Laboratories): 6 3.57 (q, -CH-), 1.17 (t, -CHs3) and UV-Vis
spectroscopy (Amax=388 nm (5,600 M-1cm-1) and Anx=323 nm (26,700 M-1cm-1)).

2.2.2 Electrochemistry: Absolute ethanol was wused to recrystallize
tetrabutylammonium hexafluorophosphate (TBAPFs, Sigma-Aldrich, 98%), then

dehydrated under vacuum, and kept in a vacuum oven for storage. All cyclic voltammetry
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experiments were performed with 0.1 M TBAPF¢ in acetonitrile (HPLC grade, VWR) as
the electrolyte in a nitrogen-purged environment at room temperature. Experiments were
performedusinga WaveDriver 20 bipotentiostat (Pine Research) with a glassy-carbon-disk
(GC) working electrode (5 mm diameter, Pine Research), a Ag/Ag* nonaqueous reference
electrode with 0.001 M AgNO3 in MeCN (BASi Research Products), and a platinum wire
counterelectrode (Pine Research). The GCelectrode was polished beforeevery experiment
using 0.05 um water-alumina slury (Allied High-tech Products Inc., DeAgglomerated) and
polishing pad (Buehler). The reduction potential of ferrocene (Fc, Alfa Aesar, 99%) was
recorded before and after all electrochemical experiments to check the consistency in the
reference electrode. All potentials are reported versus the Fc*/couple and internal solution
resistance was compensated for all experiments. CV experiments consisted of three
continuous cycles starting at -1.02 V' vs Fc*/0 and scanning in a positive direction. Data
from the third cycle was used for analysis. Pyridine (Sigma-Aldrich, anhydrous, 99.8%),
4-tert-butylpyridine (Sigma-Aldrich, anhydrous, 96%), 3-chloropyridine (Sigma-Aldrich,
anhydrous, 99%), 3-bromopyridine (Sigma-Aldrich, anhydrous, 99%), 4-methylpyridine
(Sigma-Aldrich, anhydrous, 99%), 4-methoxypyridine (Sigma-Aldrich, anhydrous, 97%),
4-dimethylaminopyridine (Merck), quinoline (Sigma-Aldrich, 98% ), 2-methylpyridine
(Sigma, 98%), 3-methanolpyridine (Sigma-Aldrich, anhydrous, 98%), and 2,2'-bipyridine
(Sigma-Aldrich, 99%) were used as received and first purged with N, prior to addition to
electrolyte solutions.

2.2.3 Electrochemical Modeling: DigiElch V8 was used to generate the workingcurve

for rate constant analysis of the cyclic voltammetry data in presence of functionalized
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pyridines. Detailed information regarding the methodsand parameters are provided in the
supporting information.

2.2.4 Electron Paramagnetic Resonance (EPR) Experiment: EPR samples were
prepared by dissolving 1 mM Ni'(dtc), and various amounts of 4-MeO-py in MeCN
solventand placing in an EPR tube. To this mixture, 1 mM [AcFc]BF,in DCM as added
and the solution was quickly frozen in liquid N,. Acetyl ferrocenium tetrafluoroborate
([AcFc]BF,) was used as a chemical oxidant and synthesized following a published
procedure.17:32 Briefly, silver tetrafluoroborate (AgBF,, Sigma-Aldrich, 98%) was added
to a solution of acetyl ferrocene (AcFc, Alpha Aesar, 97%) dissolved in diethyl ether under
an inert atmosphere to generate a blue solid. This solid was then dissolved in
dichloromethane (DCM, Macron, 99.9%), filtered, and the filtrate evaporated to dryness to
yield solid [AcFc]BF,.

Continuous-wave EPR spectra were measured at the X-band (9 GHz) frequency on a
Bruker EMX spectrometer fitted with an ER-4119-HS (high-sensitivity) perpendicular-
mode cavity. All EPR spectra were collected at 77 K and performed by fitting the cavity
with a liquid N cold finger Dewar. Spectra were recorded with a field modulation
frequency of 100 kHz, a modulation amplitude of 6.00 G, and a microwave power of 1.995
mW. The frequencies for the individual samples were slightly different but averaged 9.368
GHz. All simulations were modeled using hyperfine simulation software (W R Hagen
Visual Software, V 1.0, 2009)33.34with species having S = % electronic spin.

2.2.5 Density Functional Theory (DFT) Calculations Chemical structures were first
modeled using Avogadro and then optimized using Gaussian3® with a 6-31+G* basis set,

MN15 hybrid DFT functional, andaself-consistentreactionfield usingacetonitrile solvent.
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Optimizations were performed with the Alabama Supercomputer with convergence
defined by the RMS Force, RMS Displacement, Max Force, and Max Displacement
parameters. Calculation of g-values and superhyperfine coupling constants were performed
using the TPSSh functional with EPR-II basis set (def2-TZVP) in ORCA using the

Alabama Supercomputer.36.37.38

2.3 Results and Discussion

2.3.1 [Ni"'"(dtc),(L)x]* Formation: CV studies were performed with 1 mM Ni'l(dtc), in
MeCN with 0.1 M TBAPF; electrolyte in the presence of derivatized pyridines. Figure 2.1
shows representative voltammograms for Ni'l(dtc), collected at 1000 mV s over a range
of 0-383 MM [4-MeO-py] and [3-Br-py]. CV data forall ligands are shown in Figure 2.S1-
Figure 2.510. Data for underivatized pyridine additions was recollected for this study and
was quantitatively similar to previously published data.l” The addition of 4-MeO-py
resulted in significant changes to the voltammogram with respect to the 0 mM condition.
The anodic peak was shifted in the negative direction and a new cathodic peak was
produced which resulted in a quasi-reversible redox wave (AE,=62 mV at 100 mV s-1 for
[4-MeO-py] = 383 mM). The addition of 3-Br-py resulted in similar behavior, however,
with a smaller shift in the anodic peak and less reversibility in the new wave (AE, =95 mV
at 100 mV s for [3-Br-py] = 383 mM). The electrochemical behavior in both instances
can be attributed to 1e- LCET where the oxidation of Ni'l(dtc), results in pyridine
coordinated Ni(lll,y) complexes to produce a new Ni(lll,/I1) redox wave (Equation 2.9).
Table 2.1 shows a summary of electrochemical data collected for the series of pyridine-

based ligands used in this study.
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2.9) Ni'(dtc), + xL = [NiM(dtc)a(L)s]* + e Evz (11,/11)
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Figure 2.1. CV data for 1 mM Ni'(dtc), with addition of (a) 4-MeO-py and (b) 3-Br-py
over a concentration range of 0 - 383 mM. Both sets of data collected atv = 1000 mV s1

in MeCN with 0.1 M TBAPF¢ at room temperature.
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Table 2.1. Summary of Ei2 (111py/11) measured as a function of added
pyridines (L)?

=P E;» vs |Og[|_]
L pKa | [L]=49mM | mV dec? xX°  Ke?/ M*
4-N(CHa3)2-py 17.3 -0.170 127 21 1.2x10%9
4-MeO-py 13.9 -0.050 121 2.0 4.7x107
4-tBu-py 13.1 0.004 107 1.8 4.2x108
4-Me-py 13.1 0.007 96 1.6 2.2x108
3-MeOH-py 12.7 0.028 105 1.7 1.1x108
pyridine (py)  12.1 0.006 95 1.6 1.6x108
3-Cl-py 8.9 0.134 75 1.2  4.4x103
3-Br-py 8.9 0.144 67 1.1 2.1x108

aData collected at v =1000 mV s; ®Values reported in MeCN3940; ¢x =
slope/59 mV dec?; ¢Obtained from Equation 2.10 with E°=0.25V

Notably, the addition of quinoline or 2-Me-py did not show a significant shift in the
anodic peak or appearance of a new cathodic peak with increased concentration of the
ligand (Figure 2.S9). This was attributed to steric hindrance fromcoordination to the nickel
center due to ortho functionalization of the pyridine ring. The addition of 2,2’-bipyridine
(bpy) was found to impact the electrochemistry of Ni'l(dtc), (Figure 2.S9); however, these
results were not like those observed for monodendate pyridines and are believed to occur
because of coordination of bpy to Ni'l(dtc), prior to oxidation, thus producing new species
such as Ni'(dtc),(bpy). The equilibrium constant for coordination of structurally similar
1,10-phenanthroline to form Ni'(dtc).(phen) has been measured in toluene to be 2240 M-
141 By comparison, the equilibrium constant for coordination of pyridine to form
Ni'(dtc),(py)2 has been measured to be much smaller, 0.087 M2 in 95% pyridine, 2.5%

DCM, and 2.5% tert-butyl alcohol.#2 1H-NMR studies of Ni'/(dtc), in the presence of each
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derivatized pyridine (10:1 excess pyridine) also showed no evidence for coordination of
pyridines to the Ni(Il) metal center (Figure 2.S12-Figure 2.S 19).

The observed Ey; (111,,/11) for a given ligand concentration was found to increase with
the pKj, of the pyridine ligand. Likewise, plots of Ej;, vs log[L] (Figure 2.2) exhibited
lineartrends with slopes varyingbetween ~60 and ~120 mV dec-1dependingon the ligand.
Based on Equation 2.10, the slope should be indicative of the number of coordinated
ligands (x) and the intercept should be proportional to the equilibrium constant for ligand
coordination (Keg). In this equation, E° refers to the standard reduction potential for the
[Ni'(dtc),]*/Ni"'(dtc), redox couple measured in MeCN to be 0.25V vs Fc*/0.17 A slope of
120 mV dec! would therefore indicate x = 2 with formation of a six-coordinate
[Ni"'(dtc),(L)2]* complex. A slope of 60 mV dec! would indicate x = 1 and formation of a
five-coordinate [Ni''(dtc),(L)]* complex. Comparatively, these data show that ligands with

a larger pK, yielded a larger slope while a smaller pK, resulted in a smaller slope.

2.10)Ey (I11,/11) = E2(111/11) - 0.059 logKeq — 0.059(x) log[L]
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Figure 2.2. Plot of Ey, (I1,/I1) vslog[L] for 4-MeO-py (red), 4-Me-py (blue), and 3-Br-

py (black). Data measured at 1000 mV s-1.

Observed slopes that fell between 60 and 120 mV dec-! would appear to indicate a
mixture of five- and six-coordinate Ni(lll) species produced upon oxidation of Ni'l(dtc),.
Reactions for the formation of each species are shown in Equations 2.11-2.12. Thisis a
curiousresultand would imply that coordinationand dissociation of the second ligand must
occur on the timescale of the CV experiment in order to provide a mixture of Ni(lll)
complexes. Furthermore, this result suggests that the equilibrium constant for coordination
of the second ligand is likely close to 1 M- while that of the first ligand is much larger. In
our previousstudy, we concludedthatthe addition of pyridineresulted in formation of only
the six-coordinate complex.” This was based on a parabolic fit to the Ey/, vs [pyridine]
data. Further analysis here comparing with other functionalized pyridines now shows that
pyridine addition results in a ~39/6 1 mixture of five- and six-coordinate Ni(Il1l) complexes

based on a slope of 95 mV dec-1 (%Ni(lll)-L, = (slope — 59)/59).

2.11)[Ni(dtc),]* + L = [Ni(dtc),(L)]* K 1py

41



2.12)[NiM(dtc),(L)]* + L = Nit(dtc),(L),]* Kpy

Diagrams such as Figure 2.2 (i.e. Pourbaix diagrams) are often used to study PCET
where the timescale for proton transfer is much faster than the CV experiment; fast enough
to reach equilibrium and result in slopes proportional to integer values for the number of
protons transferred in the reaction.#3 In the present case, the occurrence of ligand
coordination on the time scale of the CV experiment is also supported by the fact that Ey
vslog[L] slopeswere foundto increase with larger scan rates (Figure 2.510). Beyond 1000
mV s, all slopes were found to level off to consistent values; however, slopes were found
to decrease when the scan rate was decreased below 1000 mV st. We believe this
observation is an indication that the dissociation step for the second ligand is slower than
the association step. High scan rates thus produce higher coordination numbers (i.e. larger
slopes) whereas low scan rates allow time for equilibration through dissociation of the
pyridine ligand.

The intercepts for the linear fits to data obtained at 1000 mV s-1 shown in Figure 2.2
were used to calculate K¢ values for ligand association according to Equation 2.10 with
E° =0.25 V.17 Given the variable nature of coordination discussed above, the true meaning
of these K¢ values are difficult to interpret. In the extreme cases of x =2 and x =1, Kg can
be taken as the overall equilibrium constant for coordination of 2 ligands (i.e. Keg =
K1py*Kzpy) With units of M-2 or the equilibrium constant for coordination of 1 ligand (i.e.
Keg = Kipy) With units of M-, respectively. Intermediate x-values would result from a
weighted average of equilibrium constants for each ligand proportional to the distribution

of Ni(lll) species. In this case, the overall K¢ would possess units of M~*. Nonetheless, a
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plot of log(Keq) Vs pK, of the ligand yields a strong correlation with R2 = 0.98 (Figure
2.511).

Isolation of pyridine coordination Ni(lll) complexes was unsuccessful, however,
formation of [Ni"'(dtc),(L),]* was confirmed by EPR spectroscopy. Figure 2.3 shows data
collected with 1 mM Ni'l(dtc),, 1 mM 4-MeO-py, and 1 mM [AcFc]BF, as oxidant E° =
0.26 VV vs Fc*9) in a95:5 mixture of MeCN:DCM. The 4-MeO-py ligand was chosen based
on its strong coordination ability to Ni(Ill) compared to other pyridines. Overall, the
observed signal was complex and represented the presence of multiple S= 1/2 species. The
values of g = 2.10-2.14 implies a metal-centered unpaired electron consistent with the
Ni(ll1) S = 1/2 oxidation state.3144 Simulation of the observed data according to the
summation of two species could be achieved and is shown as the red dashed line overlaid
on the experimental data. Individual components of this fit corresponding to each species
are shown as offset dashed lines.

The first component (70 % total signal) is shown as the blue dashed line and represents
a slightly rhombic spectrum with gi23 =2.15, 2.13, 2.03 and no superhyperfine coupling to
N atoms present on the 4-MeO-py ligand. We assign this species to Ni''l(dtc); formed via
ligand exchange from pyridine bound Ni(l1l) complexes according to Equation 2.13. The
second species (30% total signal), shown as the green dashed line, is slightly rhombic with
O123 = 2.20, 2.18, 2.03. This signal was simulated using superhyperfine coupling to two N
atomswith couplingconstants A3 =13.0,13.0,18.0 G givingrise to quintet splitting with
a1:2:3:2:1 intensity ratio. This superhyperfine pattern clearly indicates the coordination of
two 4-MeO-py ligands to the Ni'! center.454° Furthermore, the signal produced by the

second species strongly resembles EPR data collected for trans-Ni'l(salen)(py).
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complexes.4* The distinction between trans-(py). and cis-(py), coordination is important
in the present case as both are theoretically possible. The presence of a trans-(py) signal
in the EPR data also supports the quasireversible electrochemistry discussed above, where

trans coordination would require minimal reorganization from the square planar Ni''(dtc),

framework.
g
230 225 220 215 2.10 2.05 2.00
1 1 1 1 1 1 1
Ni(dtc), [AcFc*] —— Experimental
1 mm 1imm /L. Tt Simulation

2000 3000 3100 3200 3300 3400
Magnetic Field / G
Figure 2.3. EPR spectra of 1 mM Ni'l(dtc), in presence of 1 mM 4-MeO-py and 1 mM

[AcFc]BF, as oxidant. Black solid line is experimental data and red dashed line is a
simulated spectrum for the summation of Comp-1 (70 %) and Comp-2 (30 %) spectra. Blue
dashed line is the simulated spectrum for Comp-1 (assigned to [Ni"l(dtc)s]) using
parameters gio3 = 2.15, 2.13, 2.03. Green dash line is the simulated spectrum for Comp-2
(assigned to trans-[Ni"'(dtc),(4-MeO-py).]*) using parameters g3 = 2.20, 2.18, 2.03 with

superhyperfine coupling constants for two N atoms of A;,3=13.0, 13.0, 18.0 G.

2.13)  [NiM(dtc)y(L)]* + Nil(dtc), — Nil(dtc); + [Nil(dtc)(L)y]*
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Notably, the absence of 4-MeO-py resulted in an EPR silent species, presumably due
to low-spin [Ni'V(dtc)s]* formation as result of disproportionation following oxidation by
AcFc*. At high [4-MeO-py], the signal was consistentwith only Comp-1 beingpresentand
no evidence forsuperhyperfine coupling. We believe this is the result of the relatively slow
timescale in which the EPR sample is prepared compared with the timescale of CV
experiments. The time required to spike the Ni'l(dtc),/4-MeO-py mixture with [AcFc]BF,
and then quickly freeze the sample in liquid N is ~40 s whereas the time required for the
voltage to scan from Ep, to Epc for the LCET redox wave ranged from 2 sfor39.81 mV s
1t0 0.2 s for 3981 mV s1. Therefore, much of the [Ni'(dtc),(L).]* species may have
already decomposedto [Ni'V(dtc)s]* by the time sample was frozen. Further supporting this
theory is the integration of the total spin, which yielded [Ni(Il1)] =0.25 mM, one-quarter
of the expected [Ni(lll)] based on the 1:1 equivalent of chemical oxidant. Freeze-quench
kinetic EPR experiments are currently being explored to provide further insight into the
kinetics for Ni(l1l) disproportionation.

DFT calculations were performed to better understand and support experimental
evidence for the formation of pyridine bound Ni(l11) complexes. Calculations were carried
out using basis set 6-31+G* and MN15 hybrid DFT functional. For simplicity, only
structures for underivatized pyridine were calculated. Figure 2.4 shows an energy level
diagram summarizing the optimized structures and calculated total energies for
[Nit(dtc)o]*,  [Ni(dtc)o(py)]*, trans-[Ni'(dtc)o(py)o]*, cis-[Ni"'(dtc)z(py).]*, and
analogous structures with MeCN coordination in place of pyridine. Spin density plots and
selected molecularorbitals forall calculated complexes are shown in Figure 2.S20-Figure

2.527.
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Figure 2.4. Energy level diagram which describes total energies for calculated pyridine
and MeCN coordinated Ni(lll) structures. Energies expressed relative to [Ni''(dtc),]*.

Calculations were carried out using basis set 6-31+G* and MN15 hybrid DFT functional.

Formation of the five-coordinate [Ni''(dtc).(py)]* complex is shown to be 12 kcal mol-
1 more favorable than the [Ni'(dtc),]* complex produced upon le- oxidation of Ni'(dtc),
and 7 kcal mol* more favorable than MeCN coordination. This is consistent with our
experimental results showing large equilibrium constants for pyridine coordination in
MeCN solvent. Interestingly, the equilibrium between five-coordinate [Ni"'(dtc).(py)]*
and six-coordinate complexes was calculated to be thermodynamically uphill in the case
of trans-[Ni"'(dtc).(py).]* (-9 kcal mol-1) and isoenergetic in the case of cis-[Ni'(dtc),.
(py)2l* (-12 kcalmol). A similar trend was found for MeCN coordinationwhere the trans-
(MeCN), structure was uphill with respect to [Ni''(dtc),(MeCN)]*, however, the cis-

(MeCN), was found to be thermodynamically unfavorable with respect to all Ni(lll)
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complexes. These results support our experimental findings as they indicate that the five-
and six-coordinate complexes are close in energy and therefore could produce a mixture of

products upon le- oxidation.

Table 2.2. Summary of experimental and theoretical EPR data for Ni(lll)
complexes

Experimental Data g1 02 gz | (Q1+02)/2 | A® | AsC | AsC

Comp-12 2.15 | 2.13| 2.03 2.14 0 0 0
Comp-2b 2.20 | 2.18| 2.03 2.19 13.0 |1 13.0| 18.0
Calculated Data“ o1 g2 | 93 | (@+02)/2| AC | AsS | AsC

[Ni"(dtc)2]* 221 | 219|2.03| 2.20 o | o o0

[Ni"(dtc)2(py)]* 2.16 | 2.14|2.03| 215 |15.2]16.1]|21.8

trans-[Ni"(dtc)2(py)2]* | 2.13 | 2.11|2.03| 212 |14.4|14.6]|19.7
cis-[Ni(dtc)2(py)]* | 2.07 | 2.07|2.03| 2.07 o | o o0

Ni'"(dtc)s 2.09 | 2.07|2.03| 2.08 ol o] o

aAssigned to Ni'"'(dtc)s; PAssigned to trans-[Ni"(dtc)(py)]*; Coupling constants
expressed in Gauss; 9Calculations performed with TPSSh functional with EPR-II
basis set (def2-TZVP) in ORCA

DFT calculations were also used to generate theoretical g-values and nitrogen coupling
constants for comparison with experimental EPR results (Table 2.2). Theoretical values
for trans-[Ni''(dtc)2(py)2]* (Comp-2) predicted a slightly rhombic spectrum with gi03 =
2.13,2.11, 2.03 and coupling constants of A3 = 14.4,14.6, 19.7. These values were in
close agreement with the experimental values for Comp-2 of g3 = 2.20, 2.18, 2.03 and
A1 =13.0,13.0, 18.0, albeit with slightly smaller g; and g, compared with experiment.
This reduction in g; and g, appeared to be systematic across all calculations as the
calculated values for Ni'l(dtc); were gix3 = 2.09, 2.07, 2.03 compared with g3 = 2.15,

2.13, 2.03 obtained from experiment for Comp-1. Nonetheless, DFT calculations
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consistently revealed larger g; and g, values for molecules with a trans-(dtc), ligand
framework ((g: +g2)/2 > 2.12) compared with a cis-(dtc), framework ((g: + g2)/2 ~ 2.07).
Given this trend, we note that assignment of Comp-1 as cis-[Ni"'(dtc).(py).]* is also
possible as this coordination environment is not predicted to result in superhyperfine
coupling to the N atoms and the predicted g-values are nearly identical with that of
Ni'll(dtc);. However, based on the overall mechanism for ligand exchange of pyridine
bound Ni(ll1) complexes to form Ni'"l(dtc); discussed below, we believe Comp-1 is more

accurately assigned to Ni'l(dtc)s.

2.3.2 [Ni'"'(dtc),(L)x]* Decomposition: The reversibility of the LCET Ni(l11,,/11) redox
wave was found to be dependent on scan rate for every pyridine tested. High scan rates
produced more a reversible wave while low scan rates resulted in irreversibility. A
comparison of CV data collected for 4-MeO-py and 3-Br-py, each with [L] =383 mM, as
a function of scan rate is shown in Figure 2.5 to illustrate these observations. Scan rate
dependent data for all other ligands can be found in Figure 2.S1-Figure 2.S8. Data are
normalized by dividing current by (scan rate)2to highlight changes as a function of scan
rate without an increase in current due to diffusion. The data for 4-MeO-py shows that the
cathodic current for the ligand coupled redox wave at E;;, = -0.16 V slowly decreases in
magnitude as the scan rate is decreased. In the case of 3-Br-py, the ligand coupled cathodic
peak (Ey, = 0.08 V) also decreases with lower scan rate, however, an increase in peak
currents associated with [Ni'V(dtc)s]* — Ni'l(dtc)s (Epc ~ -0.25 V) and Ni"l(dtc); —

Ni'l(dtc), reduction (Epc ~ -0.75 V) were also observed at lower scan rates. We believe
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similar changesin peak currents occurred in the case of 4-MeO-py, however, the proximity

of the two reduction peaks made this observation less clear.

-1004 (@) Epe (I /”) mM Ni(dtc),
383 mM 4-MeO-py
S 50+ , §
(72] “‘ ;::;— _
N\ P
—
. 0
> ——39.81 mV/s
< ——63.1mVis
S 50 + —— 100 mV/s T
~ ——158.5 mV/s
S ——251.2mV/s
'S 100 - ——398.1 mV/s
— —— 631 mV/s
—— 1000 mV/s
150 -~ —— 1512 mV/s
Epa (I11,/11) —— 2512 mVis
——3981mV/s
200 T T T T T T T T
04 02 00 -02 -04 -06 -08 -1.0
E/Vvs. Fc™°
T T T T T T T T
1004 ® _— Ep. (VA1) 1 mM Ni(dte), |
ve (1llp/11) 383 mM 3-Br-py
S 501
n
o
—
: 0- ——
> ——39.81 mV/s
< ——63.1mV/s
=) 50 1 —— 100 mV/s A
~ ——158.5mV/s
< ——251.2 mV/s
> 1004 Br —— 398.1mVisT
— = —— 631 mVis
| —— 1000 mV/s
150 - N —— 1512 mV/s
—— 2512 mV/s
E (/I —— 3981 mV,
200 . . o ( p)I/ ) . 3981 mV/s

04 02 00 -02 -04 -06 -08 -10
E/Vvs. Fc'®

Figure 2.5. CV data normalized by (scan rate)/2 for 1 mM Ni''(dtc), with the addition of
383 mM a) 4-MeO-py and b) 3-Br-py as a function of scan rate. Both sets of data collected

in MeCN with 0.1 M TBAPFs.

This type of scan rate dependent behavior was previously reported by our group for
pyridine addition and can be described by Scheme 2.2.17 At high scan rates, the

[Ni'(dtc),(L)«]* species produced upon oxidation are reduced backto dissociated Ni''(dtc),
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and xL, resulting in a quasi-reversible redox wave. However, at low scan rates, an
irreversible decomposition of [Ni'"l(dtc),(L)«]* occurs to ultimately produce [Ni'V(dtc)s]*.
The Kkinetics for this irreversible decomposition can be studied by plotting the peak current
ratios for the ligand coupled redox wave (-ipc/ipa) as a function of scan rate. Figure 2.6a
shows comparative data for 3-Br-py, 4-Me-py, and 4-MeO-py at the same concentration of
[L] = 98 mM. Here, we can see that for each ligand studied, the -ip/ipa ratio increased
toward high scan rates, indicating greater reversibility, and decreased at low scan rates,
indicatingirreversible decomposition. Note also that peak currents i,cand ip, Were obtained
directly from CV data without correcting for non-faradaic background current. This
method removes any errors that may occur during background subtraction but results in a
maximum -i,/ipa ~ 0.7 instead of the ideal -i,¢/ipa = 1. Overall, data points which reflect
higher current ratios at lower scan rates is an indication of higher stability in the pyridine
bound Ni(ll1) complexes. This stability was thus found to be dependent on the nature of
the coordinating pyridine. Ligands with larger pKy’s such as 4-MeO-py were more stable
while those with smaller pKy’s such as 3-Br-py required higher scan rates to achieve

modest levels of reversibility due to rapid decomposition on the CV timescale.

r N
) - L . L . .
Quasireversible
S”f,, 5 -le’/ +xL s/f,, _\\S S//,, _\\S Iireversible g S S
( “Nil — < ( i + ( “Ni" N “, | N.\\
S S SARE s | s — AN )
High Scan Rate Low Scan Rate S | [S
L _s

~ ~

Scheme 2.2. Proposed reaction mechanism for formation and decay of [Ni"(dtc),(L)«]*

complexes as a function of scan rate.
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Figure 2.6. Cathodic-to-anodic peak current ratios (-i,¢/ipa) plotted versus log(v) (v =scan
rate) for addition of a) 3-Br-py, 4-Me-py, and 4-MeO-py at the same concentration of 98
mM and b) 4-Me-py as a function of [L]. In both plots, dashed lines are simulations
generated for an ECE/DISP1 mechanism and used to determine the rate constant for

decomposition of [Ni''(dtc)a(L)x]*.

Another key observation from these studies is shown in Figure 2.6b for the case of 4-
Me-py. Here, the -iyd/ip ratio as a function of log(v) is shown to increase with higher

concentrations of [L]. For example, ata given scan rate of 1000 mV s-1, -ip/ipa increased
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from 0.26 to 0.65 when going from 3 to 383 mM 4-Me-py. This observation was general
for all ligands studied (Figure 2.S1-Figure 2.S8) and indicates that the pyridine bound
Ni(l11) complexes became more stable as more ligand was added to solution.

The peak current ratio data was fit as a function of scan rate based on a working curve
generated from an ECE-DISP1 mechanism to extract a decomposition rate constant Kgec
(see Supporting Information for full details).t” Simulations of the -iy/i,s data are shown in
Figure 2.6 as overlaid dashed lines and show good agreement with the measured data.
Table 2.3 showsa condensed summary of kg valuesforeach ligand at3 mM and 383mM
to highlight the decrease in kg With increased [L] for all ligands studied. A complete

summary of kg values for all concentrations can be found in Table 2.S1.

Table 2.3. Summary of rate constants for [Ni''(dtc)2(L)«]* decomposition?

L KgecS?  KgeeST  ki’/Mst  ky/st k. /st 6P
3mM 383 mM

4-N(CHz)z-py 2.0 0.1  0.021(5) 0.05(14) 2.8(2) -0.83
4-MeO-py 3.7 03  0.021(2) 0.356) 6.3(7) -0.27
4-tBu-py 8.0 0.3  0.067(4) 0.28(8) 11.7(4) -0.20
4-Me-py 6.0 0.4  0.0654) 0.296) 7.7(2) -0.17
3-MeOH-py  10.5 04  0.117(9) 0.10(3) 16(3)  0.00
pyridine (py) 9.0 0.7  0.044(3) 0.80(6) 10.6(6) 0.00
3-Br-py 32.0 3.7 0.22(4)  4.8(8) 42(5) 0.39
3-Cl-py 35.0 2.5 0.25(4)  2.8(7) 51(5) 0.37

K gec determined from -ipcfipa analysis, ki , k2, k- determined from Equation 2.15.
Standard error reported from fitting analysis. "Ref50

The ECE-DISP1 mechanism specifically implies that the overall decomposition of
[Ni'l(dtc),(L)«]* into [Ni'V(dtc)s]* occurs by disproportionation according to Equation
2.14, but is rate limited by the ligand exchange step required to produce Ni'l(dtc);
(Equation 2.13). These reaction steps are akin to disproportionation (Equation 2.5) and

ligand exchange (Equation 2.3) used to describe the overall oxidation of Ni'l(dtc), to
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[Ni'V(dtc)s]* in the absence of pyridine-based ligands. Within the DISP1 mechanism, Kge
can be taken as a pseudo-first order rate constant for Equation 2.13 with [Ni'l(dtc),] =1
mM. By comparison, the pseudo-first order rate constant for the ligand exchange step in
MeCN ([Ni"(dtc),] = 1 mM) without added pyridine ligands has been measuredto be 34 s
117 The decrease in rate constants in the presence of pyridine-based ligands highlights the
ability of pyridine coordination to trap the Ni(lll) oxidation state by inhibiting the overall

ligand exchange step to yield Ni''(dtc)s.

2.14)[NiM(dtc)a(L)<]* + NiM(dtc); — Nil(dtc), + xL + [NiV(dtc)s]*

Upon inspection of kg as a function of both ligand and concentration, we can see that
ligands with a larger pK, tend to display smaller kg and those with a smaller pK; result in
larger kqec. The decrease in kgec With higher [L] has been explained previously by our group
using a parallel decomposition mechanism in which [Ni'(dtc),(L)]* and [Ni'(dtc),(L)2]*
undergo rate limited ligand exchange and disproportionation independently to yield
[Ni'V(dtc)s]* with an [L] dependent equilibrium between the two species, Scheme 2.3.7
The equilibrium between [Ni'(dtc),(L)]* and [Ni'"l(dtc)2(L),]* described by K = ki /k. is
critical to this mechanism as it allows for an inverse dependence of kg on [L].
Accordingly, kgecCan be described by Equation2.15 where k; and k; are the decomposition
rate constants for [Ni'"l(dtc),(L)]* and [Ni'(dtc),(L)2]*, respectively. Figure 2.7 shows a
plot of kg VS [L] for a selection of pyridine-based ligands with overlaid lines fit to

Equation 2.15. Similar plotsand fitsforall ligandsare shown in Figure 2.S1-Figure 2.S8.
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Rate constantsk;’, ky, and k. extracted from fits to Equation 2.15 are presented in
Table 2.3. In general, all rate constants were found to increase for ligands with a smaller
pK, consistent with the observation that these ligands produced a less reversible
Ni(Ill,/IT) redox wave. In the case of k., the lifetime of [Ni''(dtc),(L).]* can be estimated
by 1/k.to be inthe range of 30—-300 msforallligands. These lifetimesare on the timescale
of the CV experiments (ms—s; dependingon scan rate) and further supportthe observation
of variable ligand coordination as a function of scan rate and ligand identity. Assuming an
equilibrium constant for K. in the range of 1-100 M-1, k; can be estimated to be 1-2 orders
of magnitude larger than k; .

Hammett plots are shownin Figure 2.8 for each rate constant where strong correlation
was found for k.. (R2=0.92) and k, (R2= 0.97) with respect to the electronic character of
the pyridine ligand, producing larger rate constants for more electron-withdrawing
pyridines. This indicates that the dissociation of pyridine is likely the rate limiting step for
these reactions. This is an expected result in the case of k as the reaction is described
directly as ligand dissociation. However, k, is more complex and involves loss of pyridine
along with coordination of an additional dtc- ligand through ligand exchange. The fitting
analysis for k, also ignores the data point for 3-MeOH-py, shown as the hollow data point.
The Hammett parameter for this ligand was assumed to be equal to 3-Me-py, which yields
an anomalously low value for k, compared with other pyridines. This may be the result of
the alcohol group playing a role during ligand exchange which breaks from the observed
trend for other pyridines. Figure 2.528 shows a linear fit which includesthis data point for
reference. The correlation for k; “with the Hammett parameter was found to be the weakest

(R2 = 0.77). This result is unsurprising given that k; ” also involves ligand exchange and
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factors in the equilibrium constant for pyridine coordination. This high combination of

terms may make it difficult to find strong correlation with k; ",
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Figure 2.8. (a-c) Hammett plots for rate constants k; ’, ko, and k. determined by fitting K g
vs [L] using Equation 2.15. ky py’, K2,py, and k., refer to rate constants determined for

underivatized pyridine.

The details of the ligand exchange step are unknown but the mechanism is anticipated
to proceed through dithiocarbamate bridged dimers between {Ni(l11), Ni(l1)} metal centers.
Notably, dithiocarbamate dimersof {Co(lll), Co(l11)} and {Ru(l1l), Ru(l11)} metal centers
have been structurally characterized in the literature. In the present case, the addition of
pyridine does not appear to stabilize any dimer formation as the only Ni(lll) complexes

which are detectable by CV or EPR are monomeric. Thisimpliesthatdimersare shortlived
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and ligand exchange occurs quickly once initiated. This point reinforces the general
observation here that pyridine is able to kinetically trap the Ni(lll) oxidation state by

inhibiting the initiation of ligand exchange.

2.4 Conclusions:

Here we report on the coordination of functionalized pyridines to Ni(l1l) metal centers
and their impact on controlling le- vs 2e- oxidation pathways from Ni'(dtc), to
[Ni'V(dtc)s]*. When Ni'l(dtc), is oxidized in the presence of pyridine ligands, either
electrochemically or with a chemical oxidant, pyridine coordinated Ni(l11) complexes are
formed. Ligands which coordinate more weakly such as 3-Br-py form five-coordinate
[Ni'"l(dtc).(py)]* species whereas more strongly coordinating ligands such as 4-MeO-py
form six-coordinate trans-[Ni""l(dtc),(py).]* complexes. The small equilibrium between
five- and six-coordinate complexes results in a mixture of mono-pyridine and bis-pyridine
complexes for ligands of intermediate coordination strength such as underivatized
pyridine. The formation of [Ni''(dtc),(L)x]* complexes sheds light on the overall
mechanism for 2e- oxidation from Ni'l(dtc), to [Ni'V(dtc)s]* which requires formation of a
Ni'll(dtc); intermediate. Through careful study of scan rate dependent cyclic voltammetry,
we conclude that coordination of pyridine to Ni(lll) kinetically inhibits the formation of
Ni'll(dtc); by slowing down the ligand exchange reaction between [Ni''l(dtc),(L)«]* and
Ni'(dtc),. Despite this kinetic inhibition, formation of [Ni'V(dtc)s]* was still found to be
thermodynamically favorable asthis product is ultimately formed either at the condition of
slow scan rates for CV experiments or following chemical oxidation at room temperature.

Furtherstudies are underway using low temperature chemical oxidationto produceisolable
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Ni(I11) complexes and {Ni(lll), Ni(Il)} dithiocarbamate dimers for structural study and

further understanding of the ligand exchange mechanism.
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Figure 2.S1 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with
added L =4-N(CHj3),-py. (a) CV data for Ni'l(dtc), as a function of [L] at 2000 mV s-1 scan
rate. (b) Eaz (Ig/I1) vs log[L] plot. (c) CV data for Ni'(dtc), with 383 mM [L] as a

function of scan rate. (d) Cathodic-to-anodic peak currents ratios plotted versus log(v) for
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the Ni(Ill,y/I1) redox couple. (e) Plot of Kgec Vs [L]. The solid overlaid line represents a fit

to Equation 2.15 in the main text.
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Figure 2.S52 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with
added L =4-MeO-py. (a) Cathodic-to-anodic peak currents ratios plotted versus log(v) for
the Ni(Ill,y/I1) redox couple. (b) Plot of kgec vs [L]. The solid overlaid line represents a fit

to Equation 2.15 in the main text.
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Figure 2.S3 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with

added L =4-tBu-py. (a) CV data for Ni'l(dtc), as a function of [L] at 1000 mV s-1 scan rate.

(b) E12 (Hpy/11) vs log[L] plot. (c) CV data for Ni''(dtc), with 383 mM [L] as a function of

scan rate. (d) Cathodic-to-anodic peak currents ratios plotted versus log(v) for the
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Ni(Ill,y/IT) redox couple. (e) Plot of kg Vs [L]. The solid overlaid line represents a fitto

Equation 2.15 in the main text.
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Figure 2.54 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with
added L =4-Me-py. (a) CV data for Ni''(dtc), as a function of [L] at 2000 mV s-1 scan rate.

(b) CV data for Ni'l(dtc), with 383 mM [L] as a function of scan rate.
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Figure 2.S5 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with
added L = 3-MeOH-py. (a) CV data for Ni'l(dtc), as a function of [L] at 2000 mV s-1 scan
rate. (b) Eaz (Ig/I1) vs log[L] plot. (c) CV data for Ni'(dtc), with 383 mM [L] as a

function of scan rate. (d) Cathodic-to-anodic peak currents ratios plotted versus log(v) for
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the Ni(Ill,y/I1) redox couple. (e) Plot of kgec Vs [L]. The solid overlaid line represents a fit

to Equation 2.15 in the main text.
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Figure 2.56 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with

added L = py. (a) CV data for Ni'(dtc), as a function of [L] at 1000 mV s-1 scan rate. (b)

Eaz (/1) vs log[L] plot. (c) CV data for Ni'(dtc), with 383 mM [L] as a function of

70



scan rate. (d) Cathodic-to-anodic peak currents ratios plotted versus log(v) for the
Ni(Ill,y/IT) redox couple. (e) Plot of kg vs [L]. The solid overlaid line represents a fit to

Equation 2.15 in the main text.
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Figure 2.S7 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with

added L =3-Cl-py. (a) CV data for Ni'(dtc), as a function of [L] at 1000 mV s-1 scan rate.

(b) E1z2 (Ipy/11) vs log[L] plot. (c) CV data for Ni''(dtc), with 383 mM [L] as a function of

scan rate. (d) Cathodic-to-anodic peak currents ratios plotted versus log(v) for the
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Ni(Il,y/IT) redox couple. (e) Plot of ke vs [L]. The solid overlaid line represents a fit to

Equation 2.15 in the main text.
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Figure 2.S8 All data measured in MeCN with 1 mM Ni'(dtc), and 0.1 M TBAPFg with
added L = 3-Br-py. (a) Cathodic-to-anodic peak currents ratios plotted versus log(v) for
the Ni(Ill,y/I1) redox couple. (b) Plot of kqec vs [L]. The solid overlaid line represents a fit

to Equation 2.15 in the main text.
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Figure 2.S9 CV data for 1 mM Ni'(dtc), as a function of (a) [quinoline], (b) [2-Me-py],

and (c) [2,2’-bipyridine]. Data measured in MeCN with 0.1 M TBAPFs at 1000 mV st

scan rate.
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Figure 2.512 IH-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 6 3.61 (q,J=5.7

Hz), 1.21 (t, J =5.7 Hz)), 1 mM Ni'(dtc), + 10 mM 4-N(CH3),-py (red; 8 8.15 (dd, ] =4.0,
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Top figure shows high field region. Bottom figure shows low field region.
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Figure 2.513 IH-NMR spectrum in MeCN-d3; of 1 mM Ni'(dtc), (black; 6 3.61 (q,J=5.7
Hz), 1.21 (t,J=5.7 Hz)), 1 mM Ni'(dtc), + 10 mM 4-MeO-py (red; 5 3.61 (q,J =5.7 Hz),
1.21(t,J=5.7 Hz). 8.41 (dd, J=4.8,1.5 Hz),6.91 (dd, J=4.8, 1.6 Hz), 3.86 (s)), and 10
MM 4-MeO-py (blue; 5 8.41 (dd, J=3.9, 1.1 Hz), 6.91 (dd, ] =3.8, 1.2 Hz), 3.86 (s)). Top

figure shows high field region. Bottom figure shows low field region.
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Figure 2.514 IH-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 6 3.61 (q, J=5.7
Hz), 1.21 (t, J= 5.7 Hz)), 1 mM Ni'l(dtc), + 10 mM 4-tBu-py (red; 6 8.49 (dd,J=3.6,1.3
Hz), 7.38 (dd, J= 3.6, 1.3 Hz), 3.61 (g, J= 5.7 Hz), 1.33 (s), 1.21 (t, J = 5.7 Hz)), and 10

MM 4-tBu-py (blue; 8 8.49 (dd, J = 3.6, 1.3 Hz), 7.38 (dd, =3.6, 1.3 Hz), 1.33 (5)). Top

figure shows high field region. Bottom figure shows low field region.

78



T T T T
T _<5 I o }f — ﬁul(\g(teci{ 4-Me-py |
J sr "~. L — Ni(dtc),
- E -
1, ' N -
- ¢ N/ A B
J JU_

90 88 86 84 82 80 78 76 74 72 7.0

ppm
] T T T e py T
Sp, 1 f —— Ni(dtc),+ 4-Me-| py
/ _<:5( \S>f — Ni(dtc),
- E -
_ D X .
A

E  [H,0fMecN

[t e
14 L

36 33 30 27 24 21 18 15 12
ppm
Figure 2.515 IH-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 6 3.61 (q, J =5.7

Hz), 1.21 (t, J =5.7 Hz)), 1 mM Ni'(dtc), + 10 mM 4-Me-py (red; 5 8.44 (d, J= 5.8 Hz),
7.19 (d,J=5.3 Hz), 3.61(q, J=5.7 Hz), 1.21 (t, J = 5.7 Hz)), and 10 mM 4-Me-py (blue,
0 8.44(d,J=4.6 Hz), 7.19 (d,J = 4.3 Hz), 2.36 (s)). Top figure shows high field region.

Bottom figure shows low field region.
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Figure 2.516 H-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 8 3.61 (q,J=5.7
Hz), 1.21 (t, J = 5.7 Hz), 1 mM Ni'(dtc), + 10 mM 3-MeOH-py (red; & 8.56 (s), 8.49 (dd,
J=3.7,1.1Hz),7.78 - 7.69 (m), 7.34 (ddd, J = 6.2, 3.8, 0.5 Hz), 4.63 (s), 3.61 (q, J=5.7
Hz), 1.21 (t, J = 5.7 Hz), and 10 mM 3-MeOH-py (blue; 5 8.56 (d, J = 1.2 Hz), 8.49 (dd, J
= 3.8,1.1 Hz), 7.83 - 7.66 (M), 7.45— 7.25 (m), 4.63 (s)). Top figure shows high field

region. Bottom figure shows low field region.
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Figure 2.S17 IH-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 6 3.61 (q, J=5.7

Hz), 1.21 (t, J = 5.7 Hz)), 1 mM Ni'(dtc), + 10 mM py (red;  8.60 (d,J = 3.3 Hz), 7.76
(tt, J = 6.1, 1.5 Hz), 7.36 (ddd, J = 6.1, 3.4, 1.2 Hz), 3.61 (g,  =5.7 Hz), 1.21 (t, J = 5.7
Hz)), and 10 mM py (blue; § 8.65 — 8.54 (m), 7.76 (tt, J = 6.1, 1.5 Hz), 7.36 (ddd, J =6.1,

3.4,1.2 Hz)). Top figure shows high field region. Bottom figure shows low field region.
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Figure 2.518 IH-NMR spectrum in MeCN-d3 of 1 mM Ni'l(dtc), (black; 6 3.61 (q, J =5.7
Hz), 1.21 (t,J = 5.7 Hz)), 1 mM Ni"(dtc), + 10 mM 3-Cl-py (red; & 8.61 (d,J = 1.8 Hz),
8.52 (d,J= 3.7 Hz), 7.81 (ddd, J= 6.6, 2.0, 1.1 Hz), 7.38 (ddd, J = 6.6, 3.8, 0.5 Hz), 3.61
(q,J =5.7 Hz), 1.21 (t, J = 5.7 Hz), 0.99 (t, J =5.7 Hz)), and 10 mM 3-Cl-py (blue; & 8.61
(d, J=1.8 Hz),8.52(dd,J = 3.7,0.9 Hz), 7.81 (ddd, = 6.6, 2.0, 1.1 Hz), 7.37 (ddd, J =
6.6, 3.8, 0.5 Hz)). Top figure shows high field region. Bottom figure shows low field

region.
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Figure 2.S 19 IH-NMR spectrum in MeCN-d; of 1 mM Ni'l(dtc), (black; 8 3.61 (q,J =5.7
Hz), 1.21 (t, J = 5.7 Hz)), 1 mM Ni'l(dtc), +10 mM 3-Br-py (red; & 8.71 (d, J = 1.8 Hz),
8.56 (dd, J=3.7, 1.0 Hz), 7.96 (ddd, J=6.5, 1.9, 1.1 Hz), 7.32 (ddd, J =6.5, 3.8, 0.5 Hz),
3.61(q,J=5.7 Hz), 1.21 (t, J=5.7 Hz)), and 10 mM 3-Br-py (blue; § 8.71 (d,J = 1.8 Hz),
8.56 (dd, J=3.8, 1.0 Hz), 7.96 (ddd, J=6.6, 1.9, 1.1 Hz), 7.32 (ddd, J = 6.5, 3.8, 0.6 Hz)).

Top figure shows high field region. Bottom figure shows low field region.
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[Ni(dtc),]* 60%
S = 1/2 Probability

e

a-LUMO+1 a-LUMO
-0.047 Eh -0.122 Eh

Spin Density «-HOMO-1 a-HOMO

-0.307 Eh -0.304 Eh

Figure 2.520 Calculated structure, spin density, and selected molecular orbitals for

[Ni(dtc),]*. Energies given in hartrees (Eh).

[Ni(dtc),(py)]*

60%

; S = 1/2 Probability
a-LUMO+1 a-LUMO
-0.036 Eh -0.116 Eh
Spin Density a-HOMO-1 a-HOMO
.0.292 Eh -0.290 Eh

Figure 2.S21 Calculated structure, spin density, and selected molecular orbitals for

[Ni(dtc).py]*. Energies given in hartrees (Eh).
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trans-[Ni(dtc),(py),]* 60%
S = 1/2 : Probability

a-LUMO+1 a-LUMO
-0.032 Eh -0.109 Eh

Spin Density

a-HOMO-1 a-HOMO
-0.284 Eh -0.282 Eh

Figure 2.S22 Calculated structure, spin density, and selected molecular orbitals for trans-

[Ni(dtc)2(py)2]*. Energies given in hartrees (Eh).

cis-[Ni(dtc),(py),]* 60%
S = 1/2 Probability

a-LUMO+1 a-LUMO
-0.035 Eh -0.095 Eh

Spin Density «-HOMO-1 a-HOMO

-0.268 Eh -0.238 Eh

Figure 2.523 Calculated structure, spin density, and selected molecular orbitals for cis-

[Ni(dtc)2(py)2]*. Energies given in hartrees (Eh).
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, 60%
[NI(Cl'Cél)_z(:'://l;u\l)]+ : Probability

a-LUMO+1 a-LUMO
-0.033 Eh -0.118 Eh

Spin Density «-HOMO-1 a-HOMO

-0.293 Eh -0.292 Eh

Figure 2.S24 Calculated structure, spin density, and selected molecular orbitals for

[Ni(dtc),(MeCN)]*. Energies given in hartrees (Eh).

trans-[Ni(dtc),(MeCN),]* 60%
y Probability

©

© a-LUMO+1 a-LUMO
-0.024 Eh -0.112 Eh

©

Spin Density «-HOMO-1 a-HOMO

-0.284 Eh -0.283 Eh

Figure 2.S25 Calculated structure, spin density, and selected molecular orbitals for trans-

[Ni(dtc),(MeCN),]*. Energies given in hartrees (Eh).
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cis-[Ni(dtc),(MeCN),]* 60%

S = 1/2 Probability
<
<
©
05 C
©
a-LUMO+1 a-LUMO
-0.020 Eh -0.101 Eh
Spin Density @-HOMO-1 a-HOMO
-0.272 Eh -0.241Eh

Figure 2.526 Calculated structure, spin density, and selected molecular orbitals for cis-

[Ni(dtc)2(MeCN),]*. Energies given in hartrees (Eh).

Ni(dtc), Bk
- Probability
5=1/2
[ o
© b (]
a-LUMO+1 a-LUMO
-0.012 Eh -0.082 Eh
Spin Density «-HOMO-1 a-HOMO
-0.257 Eh -0.219 Eh

Figure 2.S27 Calculated structure, spin density, and selected molecular orbitals for

Ni(dtc)s. Energies given in hartrees (Eh).
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Figure 2.528 Hammettplotfor k, rate constant. Linear fitincludes data pointfor 3-MeOH-

Py.

Table S1. Summary of kaec as a function of [L]

Concentration / mM

L 3 6 12 24 49 98 195 383

4-N(CHs)2-py 20 1.7 1.1 07 04
4-MeO-py 3.7 25 1.7 12 09 06 04 0.3
4-tBu-py 80 6.0 40 25 1.7 10 0.6 0.3
4-Me-py 60 48 34 23 15 10 06 04
3-MeOH-py 105 8.0 6.5 4.2 22 11 07 04
pyridine (py) 90 70 55 34 22 14 09 0.7
3-Cl-py 35,0 25.0 17.0 125 9.0 55 35 25
3-Br-py 320 235 16.8 130 103 78 56 3.7
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Measurement of kgec from ECE/DISP working curve

A working curve was generated from CV modeling in DigiElch software where a Radical
Substrate Dimerization (RSD) ECE/DISP mechanism was used as represented below. The
working curve rate constants specifically apply to the DISP1 regime where kp > k.. Based
on a substrate concentration of [A] =1 mM, ks was set to 1000 s-1 such that ke = k{[A] = Kgec
=1 s1. The voltage scan limit was set to be 0.35 V past E° (A/B) to match the limits used

for the experimental data and a double layer capacitance of 8 uF was used.

A—>B+e E
B+A—-C C (ko)
C—>D+e- E
B+C—>D+A DISP (kp)
2A — D+ 2e- NET
Electrochemical Steps Eo/V o ks/cmst
B+e —A 0.25 0.5 0.01
D+e—C -0.25 0.5 1
Chemical Steps Keg Ky Kp
B+A—C 1 1000 1000
B+C—->D+A 1.9x108 1x108 0.52
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Table 2.52. Standard working curve for log(scan rate) vs peak current ratios generated

from CV modeling in DigiElch based on the mechanism above. The unitless kinetic

parameter 1 can be defined as A = (Kgeo/V)*(RT/NF) such that rearrangement achieves the

expression log(v) = log(nF/RTA) + log(kgec). The working curve was initially derived by

modeling data with kgec = 1 571, which yielded log(kgec) = 0. Decomposition rate constants

were thus estimated from experimental data by shifting the log(v) x-axis by an appropriate

quantity for log(kge) until the overlaid curve visually matched the experimental data.

Figure 2.529 shows exemplary -i,¢/ipa €xperimental data along with working curves drawn

with this method.

A (kgee =157) v/Vst log(v) -ipclipa
8.56E-05 300 2.477121 0.75631
1.48E-04 173 2.238046 0.73402
2.57E-04 100 2 0.71564
4.67E-04 55 1.740363 0.70049
8.56E-04 30 1.477121 0.68989
1.48E-03 17.3 1.238046 0.68323
2.57E-03 10 1 0.67746
4.67E-03 5.5 0.740363 0.6674
8.56E-03 3 0.477121 0.64679
1.48E-02 1.73 0.238046 0.61189
2.57E-02 1 0 0.55498
4.67E-02 0.55 -0.25964 0.46459
8.56E-02 0.3 -0.52288 0.35173
1.48E-01 0.173 -0.76195 0.24752
2.57E-01 0.1 -1 0.1592
4.67E-01 0.055 -1.25964 0.08683
8.56E-01 0.03 -1.52288 0.03751
1.48E+00 0.0173 -1.76195 0
2.57E+00 0.01 -2 0
4.67E+00 0.0055 -2.25964 0
8.56E+00 0.003 -2.52288 0
1.48E+01 0.00173 -2.76195 0
2.57E+01 0.001 -3 0
4.67E+01 .00005 -3.25964 0
8.56E+01 .00003 -3.52288 0
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Figure 2.529 Working curve for kg measurements. Black scattered data are for 98 mM 4-

Me-py addition in Ni(dtc), and black dotted line is fitted working curve with Kgec = 15

Blue dotted line is for kgee= 1051 and red dotted line is for Kgec=0.151.
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Equation 2.10 derivation

[Ni"l(dtc),(L) I*
[
+e/-x L

+x L AG3°
AG,°

y =
INi"(dtc), = [Nil\(dtc), ]

[Ni'(dtc),]* + e- = Ni'l(dtc), AG1°-nFE;°

[Ni'(dtc),]* + xL = [Ni(dtc),L,]* AG - -RTInKq

[Ni'(dtc)(L)«]* + e- = Ni'l(dtc), + xL AG3z°-nFEz° (Equation 9 in main
text)

Solving for the standard potential of the LCET couple (E3°)
AG3z°=AG1°- AGy°
-NFE3° = -nFE;°+ RTINKgg
Es° = E1°— (RT/NF)InKeq
Es° = E1°—0.059 logKeq (RT/nF)In(x) =0.059 log(x) at T =298 K
Using the Nernst equation for the LCET couple and substituting E3°
Es = E3°—0.059 log{[Ni"(dtc),][L]¥/[Ni"(dtc),(L)«]*}
Nernst

Ei2 = E3 = E12—0.059 logKeq — 0.059 log{[Ni"(dtc) J[L]¥/[Ni™(dtc),(L)x]*}
E12 = E1°—0.059 logKeq— 0.059 log[L]*— 0.059 log{[Ni"(dtc).)/[Ni"(dtc)(L)«]*}

At the E1/2, [Ni"(dtc)2] = [Ni"''(dtc)2(L)x]* such than log(1) =0
E1z = E1°—0.059 logKeg—0.059 log[L]*

E12 = E1°- 0.059 logKeq — 0.059(x) log[L] (Equation 10 in main text)

92



2.7 Sl References:

(1)

(2)

Muckerman, J. T.; Skone, J. H.; Ning, M.; Wasada-Tsutsui, Y. Toward the Accurate
Calculation of PKa Values in Water and Acetonitrile. Biochim. Biophys. Acta BBA
- Bioenerg. 2013, 1827,882-891.

Casasnovas, R.; Frau, J.; Ortega-Castro, J.; Salva, A.; Donoso, J.; Mufioz, F.
Absolute and Relative PKa Calculations of Mono and Diprotic Pyridines by

Quantum Methods. J. Mol. Struct. THEOCHEM 2009, 912, 5-12.

93



Chapter 3
A Zinc Catalyzed Multi-electron Nickel(IV/Il) Redox Couple: New Catholyte

Design for Redox Flow Batteries

3.1 Introduction: The storage of electrical energy from renewable energy resources is
paramount to their implementation on a large scale. Redox flow batteries (RFBs) address
this important challenge through the use of small, molecular redox components in fluid
solutions.1.2-4 These batteries are highly scalable and thus of direct interest for satisfying
grid-scale energy storage. Given the molecular nature of RFBs, the energy stored is equal
to the Gibbs free energy change for the combination of half-cell redox reactions, AG = -
nF(E; — Ea), where n is the number of stored electrons, E. is the catholyte redox potential,
and E, is the anolyte redox potential. While strategies such as the use of non-aqueous
solvents and tuning the E; and E, potentials have resulted in large battery voltages,
increasing the number of electrons stored per molecule is also a primary strategy for
improving energy storage.>”’

Increasing the n-value beyond le-/molecule has been shown with both organic and
inorganic molecules and clusters.8-12 However, many of these examples have employed
two sequential 1le- redox couples to achieve multi-electron storage. While this strategy
indeed stores more electrons per molecule, each electron is not stored at the same
potential and thus the charge-discharge voltage profile for the RFB displays a staircase
pattern in which the voltage increases or decreases suddenly when moving between the
two redox couples.89 An alternative strategy is to develop and employ molecules that

operate with reversible 2e- redox couples. This strategy has been used with
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anthraquinones for aqueous RFBs where proton-coupled electron transfer (PCET)
generates potential inversion of the 1e-redox potentials for the quinone/semiquinoneand
semiquinone/hydroquinone couples. The result is reversible electrochemistry for the 2e-
quinone/hydroquinone redox couple.13 Figure 3.1 shows a simulated comparison
between E. for one 2e-redox couple versus two le-redox couples. The 2x1e-curve does
show a higher stored voltage, but only for one of the two electrons. Discharging this

catholyte thus results in a large drop in battery voltage beyond a 50% state of charge.

0.4

Charge Discharge

0.3 1

0.24

0.1+

0.0 1

E./V

-0.14

-0.24

2x1e EL=-02V
0.3 Ef=02V
1x2e" E° =00V

-0.4

Time
Figure 3.1. Simulated charge-discharge curvesfor two catholyte molecules: one with two

le-redox couples (2x1e-) and one with a single 2e-redox couple (1x2e").

Achieving reversible 2e- chemistry with transition metal complexes is more
challenging. Reversible, two-electron (2e-) transfer reactions are uncommon for
monometallic transition metal complexes and even more rare for first-row metals. Almost
exclusively, the known examples of this reactivity utilize metal centers that convert
between d® and d® electronic configurations while exploiting changes in ligand

coordination to drive 2e- transfer.11.14 For example, Connick reported that square-planar
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[Pt'(NCN)(tpy)]*, where NCN is 1,3-bis(piperidin-1-ylmethyl)benzene and tpy is
terpyridine, undergoes outer-sphere 2e- oxidation to [Pt'V(NCN)(tpy)]3* coupled with
coordination by the two piperidyl arms of the NCN ligand to form an octahedral
complex. Importantly, the redox couple also displays 2e-reduction back to Pt"", which is
coincident with ligand dissociation. Ligand coordination to Pt'V stabilizes the high valent
metal center to generate potential inversion (E°(Pt'V/) < Eo(Pt!'VI)), making Pt unstable
with respect to disproportionation.1® This ligand-coupled electron transfer (LCET)
strategy is therefore central to the observation of reversible 2e- transfer chemistry in
transition metal complexes.

LCET is analogous to PCET in that chemical bond formation is associated with
electron transfer. Whereas PCET uses H* to stabilize highly reduced species, LCET uses
ligands, and thereby their donated electron density, to stabilize highly oxidized species.
Another important distinction is that PCET may operate by either stepwise or concerted
mechanisms given that proton transfer is often a rapid process. In the case of LCET,
ligand transfer rates are much slower than electron transfer and stepwise mechanisms
prevail. These can be broken down into a combination of electron transfer and chemical
steps. A common mechanism is the ECE pathway where electron transfer occurs first,
followed by a chemical step such as ligand coordination, and finishes with the second
electron transfer step.

Rapid kinetics associated with the chemical step is paramount to the observation of
reversible 2e-transfer chemistry. In the Connick example and others in the literature, this
is achieved through intramolecular ligand coordination with the minimal reorganization

of the ligand framework. In the present study, we show that rapid Kinetics can also be
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achieved with intermolecular ligand transfer such that reversible 2e- transfer chemistry is
still observed. Specifically, the 2e- oxidation of Ni'(dtc),, where dtc- is N,N-
diethyldithiocarbamate, to [Ni'V(dtc)s]* has been known since the 1970s; however,
reduction from [Ni'V(dtc)s]* back to Ni''(dtc), occurs through a sequential 1e- pathway
due to the stability of the tris-chelated Ni"'(dtc); intermediate. We show that the addition
of Zn'(CIO,), to the electrolyte solution results in the catalytic removal of a dtc- ligand
from the intermediate species and results in efficient 2e- reduction from [Ni'V(dtc)s]* to
Ni''(dtc),. Furthermore, we show that this 2e- Ni'V/! redox couple can be cycled
electrochemically to mimic an RFB for 25 hrs with 97% coulombic efficiency in the
presence of Zn'(ClO,),. The absence of Zn"(ClO,), results in rapid degradation of the

coulombic efficiency due to incomplete reduction back to Ni'l(dtc),.

3.2 Experimental:

3.2.1 Synthesis and Characterization of Ni(dtc), Complex: Ni(dtc), was synthesized
by adding two equivalents of sodium diethyldithiocarbamate trihydrate (Sigma, > 99%)
to one equivalent of nickel(ll) chloride hexahydrate (Alfa Aesar, 98%) in DI water as
described previously.’>-17 A green solid precipitated instantly and was filtered under
vacuum and washed with cold distilled water, ethanol, and ether to obtain 96% yield.
Characterization of the light-green solid was performed by H NMR (acetonitrile-ds): 6
3.57 (g, -CH2-), 1.17 (t, -CH3) and UV-visible absorbance spectroscopy (Amax = 388 nm

(5,600 M cm) and Ana = 323 N (26,700 M- cmL)).
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3.2.2  Electrochemistry:  Absolute ethanol was used to recrystallize
tetrabutylammonium hexafluorophosphate (TBAPFs; Sigma-Aldrich, 98%), then
dehydrated under vacuum, and kept in a desiccator. All experiments were performed with
acetonitrile solvent (HPLC grade, VWR Chemicals) using TBAPFs and/or Zn(ClO,),
(Sigma-Aldrich, 98%) as supporting electrolytes in a nitrogen-purged environment at
room temperature. All experiments were performed with a WaveDriver 20 bipotentiostat
(Pine Research) using a rotating ring disk working electrode (RRDE, E6 change disk,
Pine Research) containing a 5 mm diameter glassy-carbon disk and platinum ring, a
Ag/Ag* nonaqueous reference electrode (BASI Instruments) in MeCN, and a platinum
wire counter electrode. An alumina suspension (0.05 um alumina powder, Allied High-
tech Products Inc., DeAgglomerated) was used to polish the working electrode before
every experiment. CV and RDE experiments only employed the glassy carbon disk
working electrode. ferrocene (Fc; Alfa Aesar, 99%) was used as an external reference for
the applied potential wherein the redox potential of Fc was recorded before and after all
electrochemical experiments using the same reference electrode in the same electrolyte.
All potentials are thus reported versus the Fc*/© couple. The internal solution resistance
was compensated in all experiments and was generally found to be ~120 Q.

CV experiments were performed as a function of scan rate and consisted of three
continuous cycles starting at negative potentials and scanning in a positive direction. All
CV data represents the third cycle. RDE experiments were performed ata constant scan
rate of 50 mV st and were used to extract diffusion coefficients and electron transfer rate
constants for Ni(dtc), in various electrolyte mixtures (See supporting information for

further details). Addition of Zn(ClOy), or Ni(ClO,), (Sigma-Aldrich, 98%) during CV
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and RDE experiments was achieved by dissolving the salts in MeCN and purging with
nitrogen before titration into the electrolyte solution.

3.2.3 Battery Experiments: Chronopotentiometric battery experiments were performed
in an electrochemical H-cell with catholyte and anolyte chambers divided by an AMI-
7000s anion-exchange membrane (Membranes International Inc) under an inert
atmosphere of N,. The anolyte solutions consisted of 0.1 M TBAPFs in MeCN for all
titration experiments and all 25 h long battery experiments consisted of 0.2 M methyl
viologen PFg salt in MeCN. Methyl viologen dichloride salt (Sigma Aldrich, 98%) was
purchased from market and PFg salt of methyl viologen was synthesized in water. The
catholyte chamber contained 1 mM Ni(dtc), in MeCN with either 0.1 M TBAPF¢ plus a
titrated concentration of Zn(ClO4), up to 0.024 M or 0.1 M Zn(ClQ4), only. The volume
of each electrolyte solution was 10 mL and each chamber was magnetically stirred at 800
rpm. The anion-exchange membrane was pre-soaked in a solution containing MeCN and
0.1 M TBAPF¢ for 24 h prior to each experiment. Two graphite-felt electrodes (Fuel cell
store, geometric surface area 8 cm?) were used as working and counter electrodes in the
experiments. Galvanostatic discharge and charge currents were 1.0 mA and 2 mA,
respectively. Charge cycles wererun up to 0.5 V vs Fc*/0 and discharge cycles down to
0.6 V vs Fc*/0,

3.2.4 Crystallography: Ni'l(dtc), and Zn'(dtc), were first synthesized from their
chloride salt in water by mixing with dtc- ligand. Purified Ni''(dtc), and Zn'l(dtc),
complexes dissolved in DCM separately. Slow evaporation method applied to grow
crystals. Crystal then collected, filtered, and dried for analysis. Single crystal X-ray

diffraction was carried out on a Bruker D8 VENTURE «-geometry diffractometer using

99



Cu Ka radiation (Incoatec IuS DIAMOND microfocus sealed tube, A=1.54178 A). The
integrations and global cell refinements were performed by using APEX3 software which
includes Bruker SAINT software package. Finally, the structures were solved by using
Intrinsic Phasing/Direct Methods (ShelXT)1819 and least-squares refinement was

performed using ShelXL in APEX3.

3.3 Results and Discussion:

An important goal in the application of nickel dithiocarbamates toward electrochemical
energy storage in NARFBs is to improve the reversibility of 2e-transfer at an electrode
surface and increase the number of electrons stored per molecule. In MeCN solution with
0.1 M TBAPFs, 2e- oxidation from Ni'l(dtc), proceedsto [Ni'V(dtc)s]* without evidence
for long-lived intermediates. However, reduction of [Ni'V(dtc)s]* proceeds through two
sequential 1e-steps involving Ni(1\V/I11) and Ni(l11/11) redox couples (Equations 3.1-3.2)
due to the stability of the Ni''(dtc); intermediate. In order to improve 2e-reduction from

[Ni'V(dtc)s]* to Ni''(dtc),, the lifetime of this intermediate must be shortened

significantly.
3.1) [NiV(dtc)s]* + e- = Ni'll(dtc)s Ec=-0.23V
3.2) Nil(dtc)s + 1/2 Ni" + e-= 3/2 Ni'l(dtc), Ec=-0.71V

To further understand the fate of the Ni'l(dtc); species, a square-scheme is shown in
Figure 3.2 to highlight the relationships between Ni(lll/lI) redox potentials in the bis-

dithiocarbamate and tris-dithiocarbamate coordination environments. One-electron
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transfer steps are shown in the horizontal direction and equilibration between the bis- and
tris- coordination environments are shown in the vertical direction. The equilibration
steps are characterized by the general reaction shown in Equation 3.3 where n is the
oxidation state of nickel. Based on the redox potentials for the two coordination
environments, it can be shown that K3/K, =2 x 1016 and equilibration from bis- to tris-
environment in the Ni(lll) state is much more favorable than Ni(ll). Electrochemical
modeling of the cyclic voltammograms for the Ni(dtc), complex have suggested that K3 ~
1 and thus K; ~ 10-16. This means that removal of a dtc- ligand from [Ni'(dtc)s]- is
thermodynamically favored by sixteen orders of magnitude more than removal of dtc-

from Ni''(dtc)s.

Fo,=-0.71V
Ni'(dtc); = [Ni'(dtc);]

I I

0, =0.25V
[Ni'(dtc),]* — Ni(dtc),

Figure 3.2. Square-scheme indicating le- transfer steps in the horizontal direction and
equilibrium steps in the vertical direction. Equilibrium steps are characterized by the

general reaction shown in Equation 3.3.
3.3) [Nin(dtc),]™2+ 1/2 Ni'l(dtc), = [Nin(dtc)s]™3 + 1/2 Ni" Kn(n=2,3)

Although the equilibrium constant K3 may be close to 1 (and thus AG° ~ 0), the kinetics

for the reaction must also be sluggish due to the fact that Ni''l(dtc)s survives on the CV
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timescale (~ms) to be reduced at -0.71 V. Inspection of Equation 3.3 shows that the
reverse reaction, which removes the dtc- ligand and forms [Ni'(dtc),]*, requiresNi''ions
to act as dtc- ligand acceptors. Thus, if excess Ni' ions were added to the electrolyte
solution, the kinetics for dtc- removal could be improved. Once [Ni"(dtc),]* were
formed, le-reduction or disproportionation with Ni''(dtc); are both thermodynamically
favored pathways to ultimately yield the starting Ni'l(dtc), species. The proposed

ECE/DISP reduction mechanism is represented by Equations 3.4-3.7.

3.4) [NiV(dtc)s]* + e = Nil(dtc)s E
3.5) Nill(dtc); + 1/2 Nil 2 [Nit(dtc),]* + 1/2 Nil(dtc), C
3.6) [Nil(dtc),]* + e = Nil(dtc), E
3.7) [Nit(dtc),]* + Nit(dtc)s = Nit(dtc), + [Ni'V(dtc)s]* DISP

3.3.1 Addition of Ni''(CI04), and Zn"'(ClO,),: Figure 3.2 (a) shows the effect of Ni'
ions on the Ni'(dtc), redox chemistry with Ni(ClO,), used as the ion source. The second
reduction wave near -0.7 V is decreased and shifted anodically for added Ni' with respect
to the initial condition. Concomitant with these changes is the noticeable increase in
current at the first reduction wave near -0.3 V. Based on the ligand exchange reaction, the
addition of Ni' ions should enhance the production of [Ni"(dtc),]* following the first
reduction, thus allowing for rapid reduction by a second electron or disproportionation by
Equation 3.7. Note that with an applied potential of -0.3 V vs Fc*/0, the driving force for
reduction of [Ni'l(dtc),]* to Ni'l(dtc), is -0.55 eV and the free energy change for

disproportionation is AG°psp =-0.48 eV. Although the addition of Ni'' gives a proof of
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principle result for enhancing 2e- reduction, a large concentration of Ni'(ClO,4), was
required to increase the cathodic current substantially, therefore, other M cations were

explored as ligand acceptors which could promote reaction shown in the Equation 3.5.
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Figure 3.2. CV data collected for 1 mM Ni'l(dtc), in MeCN with 0.1 M TBAPF; as a
function of added (a) Ni'"(CIO4),and (b) Zn"(ClO,),. Legends indicates [Ni''] and [Zn!].

Scan rates for each plotis 631 mV/s.

The addition of Zn'(ClO,4), was also found to enhance the 2e-reduction of [Ni'V(dtc)s]*
to Ni'l(dtc), and enhancement was even greater than that observed for Ni''(CIO,),. Figure
3.2(b) shows analogous data as Figure 3.2(a), but for Zn'(ClO,), addition. Here, the
changes in the CV are similar as with Ni", however, the current increase at the first
reduction peak occurs at lower [Zn'"] than was observed for [Ni']. The ability of both Zn"
and Ni' to act as suitable dtc- ligand acceptors lies in the fact that both are intermediate
Lewis acids and have favorable coordination with the soft base sulfur atoms of the dtc-

ligand. The greater 2e- enhancement in the case of Zn'! points to faster kinetics for dtc-
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ligand removal for Zn'"versus Ni'. This could be due to a slightly higher charge density
and/or more labile coordination sphere of Zn'!l. We note that each ion is very likely
coordinated by solvent molecules prior to dtc- ligand removal, thus a greater lability of
the Zn" ion may promote fast removal of MeCN ligands and facilitate the coordination of
dtc-.

Although we believe that Zn'' aids in the removal of dtc- ligands, it is importantto note
that Zn(dtc), products are not found to accumulate in the solution through repeated
cycling of the applied potential in the CV experiment. This means that Zn''is acting
purely as a catalyst to remove the dtc- ligand and must then deliver this ligand to a Ni'"
ion in solution to regenerate Ni'l(dtc),. Note that Ni'"" ions are naturally generated in
solution upon oxidation from Ni''(dtc), to [Ni'V(dtc)s]*. Indeed, UV-visible absorbance
spectroscopy data confirms that the reaction between Zn(dtc), and Ni' ions strongly
favors the exchange of dtc- ligands to generate Ni(dtc), and Zn'" (Figure 3.S1).

Surprisingly, the addition of Ni'" and Zn" ions also improved 2e- oxidation, which
shifted the anodic peak slightly negative and thus decreased the overall 2e- peak splitting
between anodic and cathodic peaks. Square wave voltammetry performed as a function of
[Zn"] revealed that the shifted peak at 0.15 V was due to oxidation of a new species
where the peak intensity grew in with [Zn'"] while the original anodic peak at 0.25 V
decreased (Figure 3.3). The formation of a new species prior to 2e- oxidation implies an
equilibrium between Ni'(dtc), and Zn'" ions to form a new complex. Detailed tH NMR
studies indeed revealed the formation of a new species through monitoring the methyl
and methylene peaks of the dithiocarbamate ligands (Figure 3.4(a) and Figure 3.S2).

Both sets of protons show distinctly new peaks with the addition of Zn'(ClO,4),to a 1
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mM solution of Ni'l(dtc), in CD3CN. Notably, these new peaks are also different from

those found for Zn'l(dtc),, therefore, equilibration to from Zn'(dtc), by Equation 3.8 can

be ruled out. This means the new species must be an encounter complex formed by

Equation 3.9.
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Figure 3.3. Square wave voltammetry data collected for 1 mM Ni'l(dtc), in MeCN with

0.1 M TBAPFg as a function of added [Zn'1].
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Figure 3.4. (a) 'H NMR spectra collected in CD3sCN of 1 mM Ni'l(dtc), (gray), 1 mM
Znll(dtc), (red) and 1 mM Ni''(dtc), with 20 mM Zn'\(CIO,), (blue) added. (b) Integrated
peak intensities for methyl protons associated with free Ni'l(dtc), (red) and bound
{Ni'l(dtc),-Zn"} (black). Dashed lines represent fits to Equation 3.10 used to extract the

equilibrium constant for {Ni'(dtc),-Zn"'} formation.

3.8) Nill(dtc), +Zn' = Znl(dtc), + Nil Keq << 1
3.9) Nill(dtc), + Zn'" = {Ni'(dtc),-Zn"} Keq = 147 ML

3.10) [Ni'(dtc),-Zn"] = (Keg[ZN"N/(L + Keg[Zn"]/b)

Figure 3.4(b) shows a plot of the normalized peak areas for the methyl protons
associated with free Ni'l(dtc), and those of the encounter complex, termed {Ni'(dtc),-
Zn'"}, Clearly, as the complex is formed, the area for Ni'l(dtc), decreases; however, both
datasets asymptotically approach a normalized area of 0.5 at high [Zn"]. Given that the
Ni'l(dtc), complex is a square planar geometry with dithiocarbamate ligands oriented on
opposite sides of the molecule from each other, this result indicates that Zn""isonly able
to interact with one of the two dithiocarbamate ligands. Fitting the growth of {Ni''(dtc),-
Zn'"} to Equation 3.10 allowed for an equilibrium constant for Equation 3.9 of 147 M-!
to be extracted. In this equation, the b parameter is used to indicate the fraction of dtc-
ligands that Zn'! is able to influence. The best fit value was b =0.43, close to the expected
value of 0.5 for a 50% interaction.

The exact nature of the Zn'" interaction with dtc- ligands is unknown; however, the X-

ray crystal structure of Zn'(dtc), (Figure 3.S3) shows a dimer structure with a slip-
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stacked orientation where Zn''atoms are positioned above the sulfur atoms of adjacent
molecules to form a square-based pyramidal geometry. We thus propose that association
of Zn'"" occurs through coordination with the sulfur atoms of Ni'(dtc),. This type of
coordination could facilitate the 2e- oxidation reaction by aiding in the forward ligand

exchange step where [Ni'!l(dtc),]* is converted to Ni''(dtc)s.

3.3.2 Electrochemistry in 0.1 M M'(CIO,), Electrolytes: Given that the addition of
Ni''and Zn'" increases reversibility and 2e- efficiency of the Ni(I\VV/11) redox cycle, the use
of Ni'(CIO,), or Zn!(ClO,), as the supporting electrolyte in place of TBAPFs was
explored. In addition to reversibility and efficiency increase, the molecular weight of
Ni'"(ClO4), and Zn"(ClOy), are also less than TBAPFs (i.e. 257.59 g/mol and 264.29
g/mol vs 387.43 g/mol, respectively) and thus a 1:1 replacement as the supporting
electrolyte would result in a higher energy density by mass for any RFB device.

Figure 3.5 shows CV data collected for 1 mM Ni'l(dtc), in both 0.1 M Ni'(ClO,), and
0.1 M Zn'(ClO,4), normalized as a function of scan rate (i v*/2). Both sets of CV data
show high reversibility with little to no evidence for the second Ni(l11/11) reduction peak
near -0.7 V. However, close inspection of the peak currents for the 2e- oxidation and
reduction waves shows clear differences between the two electrolytes. A plot of iy/ipa
versus log(v) for each electrolyte including 0.1 M TBAPF6 is shown in Figure 3.6 While
both cases are clearly better than TBAPFg, one can see that Zn'(ClO,), displays the
highest reversibility over the widest range in scan rates. The decrease in ipdipa for
Ni'"(CIO,), at high scan rates can be attributed to the slower kinetics for dtc- ligand

removal with Ni" versus Zn'.
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Figure 3.5. CV data collected for 1 mM Ni'l(dtc), as a function of scan rate in MeCN

with (a) 0.1 M Ni"(ClO,), and (b) 0.1 M Zn"(ClO,), supporting electrolytes.

10 T T T T 1
® ° e o 00000
0.8 4 e o o 4
o o s L e ®
° LAY
o 0.6 1 ° -
o
.- °
~ ® o )
8 e © 0 0 0 ©
=04 e @ ® 0 ° ]
® 0.1 M2zn'(Clo,),
0.2 1 ® 0.1MNi'(Clo,),
® 0.1 M TBAPF,
® Fc/0.1 M TBAPF6
0.0 T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0
logv/Vst

Figure 3.6. Comparison of 2e- reversibility among supporting electrolytes based on a
ratio of peak currents i,/ip, as a function of scan rate. Ferrocene (1e- system) standard

data provided for comparison.

108



Although a perfectly reversible redox couple should display a peak current ratio of 1, in
practice the maximum peak current ratio for the reversible standard (ferrocene) is 0.8 4-
0.86 due to diffusion of oxidized species. Similar values are achieved for the case of 0.1
M Zn'(CIO,), supporting electrolyte and beg the question of what we should term
reversible versus quasireversible. Typically, quasireversiblity implies either slow electron
transfer kinetics which would yield a greater than 59 mV/n peak splitting or some
chemical decomposition which would yield a less than ideal ipc/ipa ratio. Here, we show a
2e-redox couple with ideal i,d/ipa ratio but with a large peak splittingwhich isnot due to
chemical decomposition or instability, but rather due to the large structural reorganization
incurred when going between the square planar Ni'(dtc), structure to the pseudo-
octahedral [Ni'V(dtc)s]*.

To further exhibit the fast electron transfer kinetics associated with oxidation and
reduction, electrochemical kinetic parameters such as the diffusion coefficient (D) and
the electron transfer rate constant (ko) were calculated from RDE experiments. Figure
3.54.54-S6 shows RDE data for 1 mM Ni'(dtc), with each supporting electrolyte
discussed above. From this data, Koutecky-Levich plots and Tafel plots were generated
to calculate D and k, values, respectively. These values are listed in Table 3.1 along with
a comparison with the reversible standard ferrocene (Chapter 5 contains ferrocene RDE
data). One can see that similar values are obtained for Ni'((dtc), and ferrocene which

indicates the high degree of reversible electrochemistry.
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Table 3.1 Electrochemical kinetic parameters
for Ni'l(dtc), and ferrocene oxidation measured
in different supporting electrolytes?

Electrolyte D /cm2st Ko/ cmst
TBAPFs 0.99x 105 0.0085
Zn(ClOy), 1.3x10% 0.0086
Ni(ClO,), 1.0x 105 0.0062
Fc / TBAPF, 1.4x105 0.0192

30.1 M concentrationsin MeCN solvent

3.3.3 Battery Experiments: To test stability and efficiency of Ni'l(dtc),as an effective
catholyte in NARFBs, chronopotentiometric cycling was performed using either TBAPF;
or Zn'(ClQ,), as supporting electrolytes. In these experiments, an applied current was
held constant at the working electrode while the potential of the working electrode was
allowed to drift to a value necessary to supply the required current through redox
reactions. The plateau regions of these plots can thus be interpreted as the potentials
associated with individual redox couples.

Figure 3.7 shows the first complete cycle (i.e. oxidation followed by reduction) for
Ni(dtc), in a range of electrolytes. Further cycles for each condition are shownin Figure
3.S7. The individual [Zn"] values represent 0.1 M TBAPF; electrolytes with the indicated
concentration of Zn"(ClO,4), added. In all cases, the oxidation process was largely
unperturbed and showed a plateaued potential near 0 V vs Fc*/9, indicative of 2e-
oxidation from Ni'l(dtc), to [Ni'V(dtc)s]*. However, the reduction cycle showed two
distinct plateaus in the case of 0.1 M TBAPFg with no added Zn'!. These potentials are in
line with the Ni(I'\VV/I11) and Ni(l11/11) potentials observed in the same electrolyte with CV
experiments discussed above. With only 0.1 mM [Zn'"] added to the electrolyte (i.e. 10%

of [Ni'l(dtc),]), the potential profile shiffted to show only a single plateau at the first
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reduction wave near -0.2 V, indicating 2e- reduction. The blue shaded box in Figure 3.7
indicates the time required to oxidize all Ni'(dtc), molecules in solution according to
Equation 1.1 with an applied current of 2 mA. Likewise, the yellow shaded box indicates
the time required to fully reduce [Ni'V(dtc)s]* with an applied currentof 1 mA. The fact
that the potential curves are almost overlapping with the full width of each shaded box is

an indication of near complete 2e-cycling for the redox couple.
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Figure 3.7. First complete cycles for chronopotentiometric oxidation of Ni'l(dtc),
followed by reduction of [Ni'V(dtc)s]* measured in a range of MeCN electrolyte
solutions. As Zn'(ClO,), is added to the solution, the potential curve for reduction of
[Ni'V(dtc)s]* noticeably changes from two sequential le- reductions to a single 2e-

reduction.
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Given that 0.1 M zZn'\(CIO,4), showed the best conditions for chronopotentiometry,
extended battery cycling experiments were performed at this condition to test the long
term stability of the Ni(I\V/I1) redox couple. These experiments were also performed with
methyl viologen added to the anolyte chamber of the H-cell to provide a steady source of
reversible redox active molecules to balance the current in the cell. In the cycling
experiments reported above, no redox active molecule was added to the anolyte and thus
redox chemistry of the MeCN solvent was expected to be balance the current. This
strategy works well for short time experiments but can lead to poor battery performance
over longer periods of cycling time.

Figure 3.8 (a-b) shows a comparison of the cathodic and anodic charges measured with
chronopotentiometry for Ni(dtc), in MeCN with 0.1 M Zn"(ClO,), or 0.1 M TBAPFs
electrolytes. Charges are calculated by multiplying the applied current (C/s) by the time
required to oxidize (anodic) or reduce (cathodic) the Ni(dtc), solution for each cycle. The
maximum attainable charge based on 10 ml of a 1 mM Ni(dtc),solution is 1.25 C based
on Equation 1.1. In Zn"(CIQO,), electrolyte, both anodic and cathodic charges were near
1.25 Cinitially and only decreased by 10% for the duration of the 25 hour cycle time.
This indicates great stability of the Ni(I\V/Il) redox couple, despite the large structural
reorganization and ligand exchange reactions that must occur. In TBAPFg electrolyte, the
initial anodic and cathodic charges were found to be near 1.25 C, but both of these values
decreased as the cycle number increased. This indicates degradation of the redox active

molecules over time.
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Taking the ratio of cathodic to anodic charge can yield the coulombic efficiency for
each charge-discharge cycle which can give a measure of the molecular stability for each
cycle. A comparison of this data for the two electrolytes is shown in Figure 3.8(c). In the
case of Zn"(ClQ,), electrolyte, we observed ~97% columbic efficiency even after 50
cycles. In comparison to the TBPFg supporting electrolyte, the coulombic efficiency
drops from an initial value of 96% to a final value of 75%, a 21% loss over the 25-hour
cycling time. This extreme loss is coulombic efficiency is a clear indication that
degradation of the redox active molecules is due to incomplete reduction during the
sequential 1le-steps. The ability to reduce [Ni'V(dtc)s]* by 2e-at the same potential, thus

produces a more stable battery over an extended period of time.

113



I
N
N

o
©
L

L

A  Charge
Discharge |

Charge / c
o

o
w

(a) In 0.1 M Zn(CIO,), i
Theoritical Charge =1.25C

o
=}

5 10 15 20 25 30 35 40 45 50
Cycle

o

6666; l
000000088444,

=
N
L

o
©
L

A Charge 000000006
® Discharge ALY

Charge / c

o
w
1

(b) In 0.1 M TBAPF, b
Theoritical Charge = 1.25 C

0.0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Cycle
B
> T T T T T
100
8 -o.......
QD 954 (e) 00000......
£ 90 ..,..,..... 21 % drop
(IN 85 - ® In TBAPFg Oooooo....
Q [ ]
2 ) In Zn(CIO,), ...°00..-
E; 751
3 70 , , , , ,
O o 10 20 30 40 50
Cycle

Figure 3.8. Anodic and cathodic charge for each cycle measured during
chronopotentiometry of Ni(dtc), in MeCN with (a) 0.1 M Zn'((ClO,), (b) 0.1 M TBAPFg
electrolytes. (c) Coulombic efficiency comparison of Zn'(ClO), and TBAPFs

electrolytes. In all experiments, anodic current =2 mA, cathodic current=1 mA.
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3.4 Conclusion:

The Ni'(dtc),/[Ni'V(dtc)s]* redox cycle is characterized by a single two-electron
oxidation but two sequential one-electron reductions processes in MeCN with 0.1 M
TBAPF; electrolyte. The addition of Ni'"and Zn"ions are shown to improve the kinetics
of the reduction process by helping remove one dtc- ligand from the Ni"l(dtc);
intermediate and thus switch the reduction process to a single 2e- reduction. The
maximum cathodic current to anodic current ratio measured by CV was around 0.85
which indicated a great improvement in 2e- reversibility. Zn''ion titration in Ni(dtc),
solution was also found to generate a new encounter complex, {Ni'l(dtc),-Zn'"}, as
detected by square wave voltammetry and IH NMR analysis, with an equilibrium
constant of 147 M-1. The formation of this adduct aided in the 2e- oxidation reaction by
shifting the anodic peak in a negative direction. Electrokinetic parameters D and k, were
calculated by RDE experiments and found similar in the different supporting electrolytes.
Chronopotentiometric battery experiments using Ni(dtc), as the catholyte suggests that

around 97% coulombic efficiency can be achieved in 50 cycles over 25 h.
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3.6 Supplementary Information (SI):
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Figure 3.S1. UV-Vis spectra of Zn'(Et,dtc),and Niz* mixture, dissolved in MeCN.
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Figure 3.S52. IH NMR spectra of Ni'(dtc),, Zn"(dtc), and Mixture of Ni'(Et,dtc), and

Zn'(ClO4), in CD3CN.
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Figure 3.S3. a) Crystal structure of Ni(dtc),. b) Crystal structure of Zn(dtc),.

Table 3. S1. Sample and crystal data for Ni(dtc):

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

4

FarnumMMO061121e

C10 H2o N2 Ni S4

355.2 g/mol

100(2) K

1.54178 A

0.020x0.147 x 0.161 mm
clear dark green fragment
Monoclinic

P121/cl

a=6.1856(20A  a=90°
b=11.5407(4)A Pp=95.813(1)°
c=11.6174(4)A y=90°
825.06(5) A3

2
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Density (calculated)
Absorption coefficient

F(000)

1.430 g/cm3
1.664 mm-
373.71

Table 3. S2. Sample and crystal data for Zn(dtc):

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Farnum190928MRMSS
Ca0H40N4SgZn;

723.78 g/mol

100(2) K

1.54178 A

0.080x0.226 x0.242 mm
clear light colorless fragment
Monoclinic

P121/n1

a=9.71705A a=90°
b=0.6514(5)A B=103.9410(10)°
c=15.6356(7) A y=190°
1570.61(13) A3

2

1.530 g/cm?

6.985 mm-!

752

122



Electrochemical kinetics parameters: The diffusion coefficient (D) and electron transfer
rate constant (ko) are the fundamental parameters that are used to characterize the
electrochemical kinetics of the redox active molecules.?° D and ko were calculated from
RDE experiments. From the limiting current and rotation rate Koutecky-Levich plot
generated (Figure 3.54. (b) Figure 3.S5. (b) Figure 3.S6. (b)). From the slope of
Koutecky-Levich plot diffusion coefficient calculated by using the following Koutecky -

Levich Equation 3.S.1.21.22

1
35.1) %: i + ({].62 nFA clﬂzf3 v—lfﬁ) w 2

Where, i is the limiting current on the disk, n is the number of electrons, Fis the Faraday
constant (96485 C mol), D is the diffusion coefficient, v is the kinematic viscosity
(taken here as 4.27E-2 cm?/s), o is the rotation rate (rad s'1), C is the bulk concentration
electrolyte (taken here as 1E-= moles/L), and A is the disk area (GC-disk RDE 0.1963
cm?). In the case of D value calculation, plateau limiting current is considered and for k°
calculation nonplateau current considered (the selected potential region is < 80% of the
limited current). Here, ix is the Kinetic-controlled current any mass-transfer effects are
absent and is dependent on the reaction kinetics. 11 vs o2 Koutecky—Levich plot
interceptis 1/ ix and Tafel plot Figure 3.54. (c) Figure 3.S5. (¢) Figure 3.S6. (¢) (log(ik)
vs overpotential) generates using the acquired i values, yielding a y-axis intercept that
equals the log(i,). The reaction rate constant (k°) can be calculated using Butler—Volmer
analysis (Equation 3.S.2), where n is the number of electrons, Faraday’s constant F
=96485 C mol-L, electrode area A, and C is the concentration.21.23.24

382)10 = nFAkC
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Figure 3.54. (a) RDE data of Ni(dtc), collected in 0.1 M TBAPFg supporting electrolyte
(b) Koutecky-Levich plot generated from RDE data to calculate diffusion coefficient (D)
value (c) Tafel plot generated from the intercept of Koutecky-Levich plot to calculate

electron transfer rate constant (ko)
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Figure 3.S6. (a) RDE data of Ni(dtc), collected in 0.1 M Ni"(ClO,), supporting

electrolyte (b) Koutecky-Levich plot generated from RDE data to calculate diffusion

coefficient (D) value (c) Tafel plot generated from the intercept of Koutecky-Levichplot

to calculate electron transfer rate constant (k°)
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Figure 3.S7. Chronopotentiometric cyclic experiments performed over 10 cycles for

various electrolyte conditions.
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MeCN with (a) 0.1 M Zn'(ClO,), and (b) 0.1 M TBAPFg supporting electrolyte.
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Chapter 4
Synthesis, Characterization, and Electrochemical Activity of Bis-dithiolate

Ni(Il) Complexes

4.1 Introduction: Developing inorganic coordination compounds that undergo quasi-
reversible 2e- transfer at a metal center coupled with metal-ligand bond formation is highly
demandable for energy storage. Specifically, the use of earth-abundant, low-cost nickel-
based compounds due to well-known changes in coordination environment when
transitioning between d8 (4-coordinate) — d® (6-coordinate). Second and third-row metals
such as Pt(11),12 Pd(I1),34 Rh(1),> and Ir(1)¢ also show similar behavior but all are very
costly. In Chapters 2 and Chapter 3 we deeply discussed Ni-based dithiocarbamate
complexes; however, 1,1-dithiolate based ligands such as 1,1 dicyanoethylene-2,2-
dithiolate (i-mnt2-) and its derivatives could also be a good ligand to facilitate Ni(I'\V/1l)
redox chemistry.27-9

In the case of nickel dithiocarbamate complexes, intermolecular ligand transfer stabilized
the higher oxidation state Ni(IV). Exploring ligand structures which facilitate
intramolecular ligand coordination in the Ni(IV) oxidation state could also be useful. These
so-called scorpionate ligands can be prepared from the 1,1-dithiolate framework using a
thioester linkage to attach an additional coordinating functional group. Such a thioester
linkage in 1,1-dithiolates will be easier than dithiocarbamates because of two anionic S-
atoms in the 1,1,-dithiolates. Figure 4.1 shows the proposed reaction of i-mnt?- to form the
scorpionate ligand i-mntPy- (2,2-dicyano-1-pyridin-2-yImethyl-1,1-dithiolate) and how

intramolecular ligand coordination in Ni(IV) could facilitate 2e-transfer.
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Figure 4.1. Chemical reaction proposed for i-mntPy- ligand synthesis and Ni(I\VV/1l)

intramolecular redox cycle coupled with pyridine coordination.

In this context we report the synthesis, characterization, and electrochemistry of (i-mnt%
), [Ni(i-mnt),]2 complex, and the scorpionate ligand i-mntPy-. To our knowledge, the
scorpionate ligand and the electrochemistry of [Ni(i-mnt);]?- have not been previously
reported in the literature. Characterization of their physical properties was performed using
single-crystal X-ray diffraction, UV-visible absorption spectroscopy, 1H and 13C NMR,
and electrochemistry. These ligands will serve as an important comparison to other ligand
frameworks around the Ni center and push our understanding of the coordination

environment surrounding nickel.
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4.2 Experimental Section:

4.2.1 General Considerations: All chemicals were used as received except for n-
tetrabutylammonium hexafluorophosphate (TBAPF), which was recrystallized twice from
ethanol before electrochemical experiments. *H and 13C NMR were recorded on a Bruker
600 MHz spectrometer using dimethyl sulfoxide (DMSO)-ds (Cambridge Isotope
Laboratories, 99.9%) or CD3CN (Cambridge Isotope Laboratories, 99.8%) as indicated.
Chemicalshifts are reported in parts per million (8) and referenced againstresidual intemal
solvent signals. Mass spectrometry analyses were performed on a quadrupole time-of-
flight mass spectrometer (Q-Tof Premier, Waters) with electrospray ionization (ESI) in
positive mode using Masslynx software (V4.1). The samples were infused in acetonitrile
via a syringe pump. UV-visible absorbance spectrawere recorded on an Agilent HP 8454
diode array spectrophotometer in acetonitrile (MeCN) for all samples. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-IR) was performed using a
Nicolet iS-50 spectrometer with a built-in diamond ATR.

Single crystal X-ray diffraction was carried out on a Bruker D8 VENTURE «-geometry
diffractometer using Cu Ka radiation (Incoatec [uS DIAMOND microfocus sealed tube, A
= 1.54178 A). The integrations and global cell refinements were performed by using
APEX3 software which includes the Bruker SAINT software package. Finally, the
structures were solved by using Intrinsic Phasing/Direct Methods (ShelXT)1213 and least-
squares refinement was performed using ShelXL in APEXS.

4.2.2 Synthesis of 1,1 dicyanoethylene-2,2-dithiolate (i-mnt®): The sodium salt of
ligand i-mnt2- was synthesized by following a previously reported procedure with slight

modifications to the extraction step. Malononitrile (Sigma Aldrich, > 99%, 189 ul, 3.0
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mmol)wasadded to a 3-necked round bottom flaskalongwith CS; (Sigma Aldrich,>99%,
180 ul, 3.0 mmol) and sodium ethoxide (Sigma Aldrich 95%, 0.408 g, 6.0 mmol). Ethanol
(EtOH) was added (Sigma Aldrich, 99.8%, 10 mL) as a solvent. The reaction mixture was
then stirred for 10 minutes at room temperature. Once the pale-yellow solid of i-mnt%was
formed and it was used for further reaction and metalations. This pale-yellow solid is
soluble in H,O.

4.2.3 Synthesis of (TBA),[Ni(i-mnt),](C:H,)+N),: NiCl,.6H,0 (0.194 g, 1.5 mmol) was
added to 10 mL of H,O and transferred to the freshly prepared i-mnt? solution (3 mmol)
and then stirred the mixture for 10 minutes. After 10 Minutes of mixing a yellow-green
solution of [Ni(i-mnt),]% was formed. To remove unreacted reactants, solvent extraction
was done in (90% H,0 + 10% EtOH) and DCM (Dichloromethane, >99.8%) mixture.
Water and EtOH part was collected and tetra butyl ammonium chloride (CsHs)N.Cl /
TBACI) added to the solution to get golden color precipitation of [Ni(i-mnt);](TBA), .
The resulting solid was washed with ether and dried in a vac oven. X-ray quality crystals
were grown by dissolving the solid in MeCN followed by slow evaporation at room
temperature.

4.2.4 Synthesis of i-mntPy" ligand:

Malononitrile (Sigma Aldrich, >99%, 314 ul, 5.0 mmol) was added to a 3-necked round
bottom flask. Potassium hydroxide (KOH, Sigma Aldrich >85%, 0.28 g, 5.0 mmol)
dissolved in 10 mL EtOH (Sigma Aldrich, 99.8%, 10 mL) and transferred to round bottom
flask. Stirred the mixture at 10° C until everything fully dissolved. CS;, (Sigma Aldrich, >
99%, 301.4 uL,5.0 mmol)wasthen addedto the mixture solution. Again KOH, (5.0 mmol)

dissolved in 10 mL EtOH was added and stirred for 20 minutes. 4 mL H,O was added to
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the mixture to dissolve ppt. 2-Bromomethy| pyridine (98%, 1.26 g, 5 mmol) dissolved in
EtOH dropwise added to the solution over 1.5 h time. Stirred for 1 h to get a yellow ppt.
Once the yellow solid of arm ligand was formed and washed with ether.

4.2.5 Electrochemistry: TBAPFg (Sigma Aldrich, 98%) was recrystallized twice in
absolute EtOH (KOPTEC, 200 proof), washed with diethyl ether (Avantor, 99%), dried
under vacuum, and stored in a desiccator. All cyclic voltammetry (CV) experiments were
performed in MeCN with 0.1 M TBAPF electrolyte purged with either N, (Bone dry,
Airgas). Experiments were performed at room temperature using a pine bipotentiostat with
a glassy carbon (GC) disk working electrode (5 mm diameter, pine), a Ag/Ag* nonaqueous
reference electrode (BASi) with 0.001 M AgNO3; (BASI) in MeCN, and a platinum wire
counter electrode (BASi). The GC working electrode was polished with 0.05 um alumina
powder (Allied High Tech Products Inc., DeAgglomerated). The reduction potential of
ferrocene (Fc; Alfa Aesar, 99%) was recorded before and after all electrochemical
experiments in a separate MeCN (0.1 M TBAPF) solution to confirm the consistency of
the reference electrode. All potentials are reported versus the Fc*/0 couple. All data were
collected after compensating for the internal solution resistance and consisted of three
continuous cycles scanned with an initial negative direction over the potential range. Data
shown are those of the third cycle.

4.2.6 Density Functional Theory (DFT) Calculations: Chemical structures were first
modeled using Avogadro and then optimized using Gaussian!4 with a 6-31+G™* basis set,
MN15 hybrid DFT functional, and a self-consistent reaction field using MeCN solvent.

Optimizations were performed with the Alabama Supercomputer with convergence
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defined by the RMS Force, RMS Displacement, Max Force, and Max Displacement

parameters.

4.3 Results and Discussion:

4.3.1 [Ni(i-mnt);]>: The [Ni(i-mnt),]> complex was prepared as the n-
tetrabutylammonium (TBA) saltand appeared asa golden color with a melting pointfound
to be 193° C, which matched with the previously reported value.® Figure 4.2 shows the
structure of [Ni(i-mnt),](TBA), and its IH NMR and 13C NMR spectra. There are no H
peaks from the [Ni(i-mnt),]2 complex but only four TBA peaks presentat 0.99, 1.38, 1.64,
and 3.12 ppm are assigned to A, B, C, and D, respectively. The experimental 13C NMR
spectrum show seven peaks for seven types of carbon. Peaks at 12, 20, 23, and 58 ppm
(assigned as A, B, C, and D) correspondto the four carbons of TBA*. Other three peaks
observed at 70, 115, and 214 ppm (E, F, and G) are due to the three unique carbon atoms

of the i-mnt?- ligand.
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Figure 4.2. (a) Structure, (b) *H NMR, and (c) 13C NMR of [Ni(i-mnt),](TBA), complex.
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CHN elemental analysis data of [Ni(i-mnt),](TBA), is shown in Table 4.1. The carbon
and hydrogen percentage was close to the theoretical value, but the nitrogen percentage
was lower in experimental data. This may be because of substitution of TBA* for Na* in

some complexes.

Table 4.1. CHN Elemental Analysis of (TBA)2[Ni(i-mnt),]

Element Theoretical % Experimental %
C 49.6 50.5
H 6.2 7.4
N 12.0 9.0

UV-visible absorbance spectrum of [Ni(i-mnt),] (TBA), is shown in Figure 4.3. UV-Vis
spectra data also matched with the previously reported spectrum.> Observed peaks at 263,
290, and 337 nm peaks are assigned to L-L"transitions, while the peak at 452 nm is due to
charge transfer, likely LMCT, and the peak at 731 nm is due to a d-d transition. Peak at

894 is due to the cuvette.
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Figure 4.3. UV-Vis spectra of [Ni(i-mnt),](TBA), complex

4.3.2. Synthesis and characterization of i-mntPy" ligand: The ligand 2,2-dicyano-1-
pyridin-2-yImethyl-1,1-dithiolate, abbreviated here as i-mntPy- and shown in Figure
4.4(a), was synthesized by adapting an earlier literature procedure. The yellow solid
product was soluble in polar solvents with the addition of base (e.g. KOH) and soluble in
DMSO without base. Figure 4.4(b) shows the experimental IH NMR spectrum of
synthesized i-mntPy- obtained in dimethyl sulfoxide-dg solvent and shows five peaks for
five types of proton environments and one solvent peak at 1.98 ppm. Here, the singlet peak
appeared at 4.85 ppm (E) and two doublets appeared at 7.97 and 8.77 ppm (D and A
respectively). Two other triplets appeared at 7.86 and 8.43 ppm (C and B). All peaks are
the result of the methyl pyridine group. Experimental 33C NMR data revealed ten peaks
(Figure 4.4(c)). Here, the nitrile carbons are not fully symmetric due the methyl pyridine
group and thus two peaks are observed at 117 and 119 ppm instead of the single peak

observed for i-mnt. The bridging methylene carbon peak appeared at 35 ppm and is the

138



mostimportantcharacteristic peak as itdirectly shows that methyl pyridine arm is attached.

Overall, both H and 3C NMR support the successful formation of synthesized i-mntPy.
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Figure 4.4. (a) Structure of i-mntPyH along with its (b) tH NMR and (c) 13C NMR spectra
obtained in dimethyl sulfoxide-ds solvent.
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Figure 4.5 show ESI-MS data for i-mntPy- obtained in negative ion mode. The main
pattern with m/z peaks of 232.00 (100.0%), 233.00 (13.5%), 234.00 (9.4%), 235.00 (1.1%)
matches the molecular weight of the ligand at 232 amu. The peak at 139.9 is a fragmented
peak after losing the methyl pyridine group from the i-mntPy-. MS data support the i-

mntPy- formation where methyl group bridge between pyridine group and i-mnt2-group.
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Figure 4.5. Experimental ESI-MS data collected for of i-mntPy-.

Elemental analysis data of synthesized i-mntPy- as the sodium salt is presented in Table
4.2. Theoreticaland experimental C, H, and N percentage are close to each other. Although

C percentage is more than 0.5 different, Hand N are less than 0.5.
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Table 4.2. CHN Elemental Analysis of Na[i-mntPy]

Element Theoretical % | Experimental %
C 46.80 46.2
H 2.75 2.63
N 16.39 16.04

Crystals suitable for X-ray diffraction were grown by dissolving i-mntPy in basic EtOH
followed by slow diffusion of HCI. The intention of HCI addition was to protonate the
pyridine i-mntPy- to generate the [i-mntPyH]CI salt; however, single crystal X-ray
crystallography revealed that HClwas also inserted into one of the nitrile functional groups
(Figure 4.6(b)). The reaction of HClI insertion in the i-mntPy- ligand is shown in Figure
4.6(a). All other crystal information is shown in Table 4.S1. The crystal structure reveals

that we successfully synthesized the i-mntPy- ligand.
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Figure 4.6. (a) Reaction of HCI insertion into the i-mntPy- ligand. (b) ORTEP diagrams of

i-mntPy- ligand after HCl insertion.

Figure 4.7 shows the UV-visible absorption spectra of i-mntPy- dissolved in DMSO
(black line) and the deprotonated i-mntPy- ligand dissolved in basic EtOH (red line). The
two distinct peaks at 285 and 343 nm do not change significantly upon deprotonation. The

peak at 285 nm is from the pyridine ring and the peak at 343 nm is from i-mnt? ligand.
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Figure 4.7. UV-Visible absorption spectra of i-mntPy- ligand in DMSO (black line) and
deprotonated i-mntPy- ligand in basic EtOH (red line).

Computational studies of the i-mntPy- ligand were performed using the Alabama
supercomputer using Gaussian software. Figure 4.8 shows molecular orbital images for
the HOMO, HOMO-, LUMO, and LUMO*! along with their calculated energiesin eV.
HOMO orbitals are distinctly located on the i-mnt portion of the ligand while LUMO
orbitals are more distributed over the pyridine arm. These descriptionswould suggest that

electron transitions within the ligand may display charge transfer character.
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Figure 4.8. (a) Highest occupied molecular orbital (HOMO) (b) HOMO (c) Lowest

unoccupiedmolecular orbital (LUMO) and (d) LUMO*! calculated for the i-mntPy-ligand.

4.3.3 Metalation: Attempts to metallate the i-mntPy- ligand were performed by
deprotonating first using base, then adding different metal salts to the solution. Water was
used as solventand KOH was used as a base to deprotonate. Ni(ll) addition did not show
any change in UV-Vis spectrum (Figure 4.9 (a)). This result indicated Ni(Il) did not form
a coordination complex with the i-mntPy ligand. Among the different metals tested, only
Cu(ll) and Fe(l11) formed bonds with the i-mntPy ligand. With the addition of Cu(ll), an
orange solid precipitate formed immediately which was found to be soluble in MeCN,

DMSO, and partially soluble in THF and DCM. Fe(l1l) addition also generated solid
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precipitate which was also soluble in MeCN solvent. UV-visible absorbance spectra of the
deprotonated i-mntPy- ligand plus different metal salts are presented in Figure 4.9 (b).
Most of the solutions with both metal and i-mntPy- ligand show peaks around 285 and 343
nm. These two peaks are for only the i-mntPy- ligand. Only Cu(ll) and Fe(l1l) metal ion

(solid pptdissolved in MeCN) shows an extra set of peaks atA> 400 nm.

T
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Figure 4.9. UV-visible absorbance spectra of (a) i-mntPy- ligand and Ni(ll) plus

deprotonated i-mntPy- ligand, (b) deprotonated i-mntPy- ligand plus different metals in
H,0.

4.3.4 Electrochemistry: Cyclic voltammetry of [Ni(i-mnt),](TBA), was performed in
MeCN solvent with 0.1 M TBAPF; as supporting electrolyte. Given that metalation of the
i-mntPy- ligand with Ni(Il) wasnot achieved, CV experiments could notbe performed. GC
was used as a working electrode and Pt wire was used as the counter electrode. All CV
experiments consisted of three continuous cycles scanned with an initial positive direction
over the potential range. Data shown are those of the third cycle in all figures. Figure 4.10

shows the CV of [Ni(i-mnt),;](TBA), collected with different potential windows. One
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oxidation peak at around 0.11 V vs Fc*/0 can be observed along with another reduction
peak ataround -0.45V. This irreversible CV peak separation is more than 500 mV and not
unlike the CV of nickel bis-dithiocarbamates. The peak at 0.11 V is therefore considered
to be the Ni'" — Ni'V 2e- oxidation. The reduction peak at around -0.45 V could be the
corresponding Ni'V— Ni'' 2e-reduction peak; however, the large difference in peak currents
between oxidation and reduction peaks could also suggesta Ni'V — Ni'l 1e- reduction peak.
Additionally, it can be seen that the oxidation peak current changes with the cathodic scan
potential window. As the potential changes from -0.7 V to -1.7 V, the oxidation peak
current increases due to the complete reduction in the first two cycles in the case of -1.7 V.
On the other hand, a lower negative potential window results in incomplete reduction in

the first two cycles. This result reveals that the cathodic peak is broad.
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Figure 4.10. [Ni(i-mnt),](TBA), complex CV obtained over different potential windows.
The solvent was MeCN with 0.1 M TBAPFg supporting electrolyte, GC working electrode

and Pt wire counter electrode.

To test the stability of [Ni(i-mnt),] (TBA), upon oxidation and reduction processes, we
ran 100 cycles of CV experiments in the -0.7 to -1.7 V potential window at a scan rate of
100 mV/s (Figure 4.11). It can be seen that both anodic and cathodic currents decreased
as the cycle number increased. This current decrease indicates that [Ni(i-mnt),] (TBA). is
very unstable upon oxidation and reduction. In fact, we believe that [Ni(i-mnt);] (TBA),
decomposes and deposits and insulating material on the working electrode surface. This
conclusion is supported by the fact that cleaning and re-polishing the working electrode
after CV experiments resulted in the reappearance of both oxidation and reduction waves
when the working electrode was returned to the same electrolyte solution. Although [Ni(i-
mnt),] (TBA), displays 2e-redox chemistry, it cannot be used effectively as a catholyte in
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aredox flow battery because itis unstable. Further modification ofthe 1,1-dithiolate ligand
framework or the use of counter cation of the [Ni(i-mnt),]> complex anioninstead of TBA*

could resolve this current problem.
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Figure 4.11. CV data collected for [Ni(i-mnt),] (TBA), over 100 cycles at a scan rate of
100 mV/s. The solventwas MeCN with 0.1 M TBAPF supportingelectrolyte, GC working

electrode and Pt wire counter electrode.

4.4 Conclusions:

In summary, this study describes the synthesis, characterization, and electrochemical
study of 1,1-dithiolate based ligands and the complexation with Ni(ll). 1,1
dicyanoethylene-2,2-dithiolate (i-mnt2), [Ni(i-mnt),] (TBA), complex, and i-mntPy ligand
(2,2-dicyano-1-pyridin-2-ylmethyl-1,1-dithiolate) were synthesized and characterized

using single-crystal X-ray diffraction, UV-visible absorption spectroscopy, element
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analysis, ESI-MS, IH NMR and 13C NMR, and electrochemistry. All characterization

techniques suggestthatwe successfully synthesized the 1,1-dithiolate ligands and the [Ni(i-

mnt),] (TBA), complex. Cyclic voltammetry of [Ni(i-mnt);] (TBA), suggests that 2e-

redox chemistry is possible but that the complex is very unstable after repeated oxidation

and reduction cycles.
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4.6 Supporting Information (SI)

Table 4.S1. Sample and crystal data for i-mntPy-

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

C1oHoClI3N3S

309.61 g/mol

100(2) K

0.71073 A

0.090, 0.128,0.138 mm
clear intense yellow Prism
triclinic

P-1
a=7.6734(2Q A
b=8.22292) A  B=186.1330(10)°

@ =83.1050(10)°

c=11.3393(3) A y=63.4270(10)°
635.20(3) A3

2

1.619 g/cm3

0.864 mm-t

314
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Chapter 5
Experimental Study of Different Anion Exchange Membranes for Non-

Aqueous Redox Flow Batteries

5.1 Introduction: Despite the amount of available renewable energy on any given day,
renewable sources such as solar and wind energy are intermittent, variable, and diffuse.
Low-cost electrical energy storage (EES) will become essential to balance the variability
of renewable energy production. Underlying these considerations, the need for energy
storage is greater than ever. The development of redox flow batteries (RFBs) has been one
of the primary responses to the need to store harvested renewable energy for improving
grid reliability and utilization.1.2-4 In contrast to the aqueous redox flow battery (ARFB), a
non-aqueous redox flow battery (NARFB) system is attractive due to its expansion of the
operating potential window, which has a direct effect on the stored energy and power
densities.2 Specifically,acetonitrile (MeCN) is one of the best solvents for NARFB because
of its wide voltage window (around 5 V).

The major components of an RFB are the catholyte, anolyte, and ion exchange
membrane. Most of the commercially available membranes are designed for ARFBs and
finding a suitable, robust membrane for MeCN solvent has not yet been achieved. In the
MeCN RFB system, the ideal membrane should offer the following properties: high
stability in MeCN solvent, high permeability to the charge carrying anion, low electric cell
resistance, low cross-over of redox active molecules, high thermal resistance, high
mechanical property, and low cost. The membrane prevents high cross-over of anolyte and

catholyte molecules which can short-circuit the two half-cell electrodes.>7 Figure 5.1
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shows the function of an RFB membrane as it only allows passage of selective ions but

keeps redox-active species separate by blocking them from cross-over.
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Figure 5.1. RFB membranes permit movement of supporting electrolyte ions but keep
redox-active molecules separate. Improvements to membranes will yield enhanced battery

performance.

lon exchange membranes form by cross-linked linear polymer chain in a three-
dimensional network with fixed, ionic functional groups and counter ions. The ion
exchange process occurs in the membrane by the following reversible steps. An
electrostatic bond forms first by an ionic functional group with opposite charge, then
charge carryingcounterions of similar charge from solution replace the mobile counter ion
of the membrane stoichiometrically.® Cation exchange membranes and anion exchange
membranes are the two types of ion-exchange membranes based on the type of ionic
functional groups connected to the membrane base. Negatively charged functional groups,
for example —PO3H~, —C¢H40~, —PO32-, —SO3~, and —COO, tethered to the polymer

backbone are predominant in cation exchange membranes and thus only allow the
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movement of positively charged counter ions to flow through the membrane. On the other
hand, backbone tethered positively charged groups, for example -NR,H*, —-NR3*, —NHj3",
—NRH;*, and —SR;*, are utilized in anion exchange membranes and thus only allow the
movement of counter anions.®10 Figure 5.2 shows an example of an anion exchange

process with F-as a mobile counter ion in membrane and PFg as a counter ion in solution.

PF,
=
PF w
=
_ 00
PFL Ell::j
PF, 7
¢ =+
PF, it

Figure 5.2. Schematic diagram of the anion exchange membrane process.

A good stable, membrane which has good electrochemical and physical properties is
importantforthe success of NARFBs. The currentstanding of the membranes that are used
in all types of NARFBs has been summarized in a recent review.12 Importantly, many of
these membranes were developed for aqueous electrolytes and thus the viability of these
membranes for NARFB devices is unknown. There is currently no consensus in the

literature as to the best membrane to use for NARFBs.
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In this study, we soughtto identify the best commercially available membrane for MeCN-
NARFB specifically when MeCN is used as a non-aqueous solvent. To accomplish this
task, we purchased different anion exchange membranes and used them for NARFB
measurements to determine their performance based on high stability in MeCN solvent,
high permeability to the charge carrying anion, low electric cell resistance, and low cross-
over of redox-active molecules. Ferrocene (Fc%*) was used as a prototypical catholyte and
was cycled between Fc?and Fc* redox states multiple times using a three-electrode H cell
with each membrane used to divide the catholyte and anolyte solutions. Fourier transform
infrared (FTIR) spectroscopy was used to monitor any change in the membrane functional
groups before and after the cyclingexperiments. Cyclic voltammetry (CV) was used before
and after battery experiments to check for cross-over of ferrocene from the catholyte
solution into the anolyte solution. The membrane AMI-7001swas found to fulfill most of

the criteria needed for an effective membrane in MeCN-RFB.

5.2 Experimental:

5.2.1 Resistance Measurements: lon exchange membranes AMI-7001s (Membranes
International Inc), FAS-PET-75 (Fuel Cell Store), FAP-450 (Fuel Cell Store), FAPQ-330
(Fuel Cell Store), FAB-PK-130 (Fuel Cell Store), FAP-330 (Fuel Cell Store), Nafion-
211 (Fuel Cell Store), FAP-330-PE (Fuel Cell Store ), were obtained commercially and cut
into 2 cm x 2 cm squares for use in electrochemical experiments. For solution resistance
measurements, each membrane was clamped in an o-ring joint between two glass cell
compartments ofan electrochemical H-cell. Each compartment of the H cell was filled with

10 mL of an electrolyte solution consisting of 0.1 M TBAPFgin MeCN. Two graphite-felt
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electrodes (Fuel Cell Store, surface area 8 cm?) were used as working and counter
electrodes and were placed in separate compartments. A Ag/Ag* nonaqueous reference
electrode (BASI Instruments) with 0.001 M AgNO3; in MeCN was used as reference
electrode. Solution resistance was measured in a three-electrode arrangement using
software provided within the CHI 660E potentiostat.

5.2.2 Crossover Measurement: To measure the cross-over of redox-active through each
membrane, the working electrode chamber was loaded with 10 mL of a ferrocene (98%,
Sigma Aldrich) solution (catholyte) in MeCN with 0.1 M TBAPFg and the counter
electrode chamber was loaded with MeCN with 0.1 M TBAPF; solution (anolyte). Cyclic
voltammetry (CV) experiments were performed for both sides of the H-cell using a glassy-
carbon (GC) working electrode and Pt counter electrode. After CV experiments,
chronopotentiometric battery experiments were performed using graphite-felt electrodes
over a 24 hr period with an anodic current of 1 mA and a cathodic current of 0.5 mA.
Solutions were constantly stirred during cycling experiments. CV experiments were then
repeated in each compartment of the H-cell after chronopotentiometric cyclic to determine
the concentration of ferrocene which had crossed-over from the catholyte to the anolyte
chamber. Cross-over percentage was calculated using Equation 5.1. The permeability (p)

of each membrane was also calculated from Equation 5.2.1

Final Anolyte Concentration

5.1) % Cross over = — -
Initial Catholyte Concentration

26, VL
In(1-=5)(— )

52)p =

t
C, is the cross-over concentration or final anolyte concentration (mol/cms3), Cy is the

active species concentration or initial catholyte concentration in the catholyte chamber
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(mol/cm3), V is the volume (cm3), | is the membrane thickness (cm), A is the membrane
area (cm?2), and tis the test time (s).

5.2.3 Full Battery Experiments: All battery experiments were performed with a three-
electrode system in an H-cell using a CHI 660E potentiostat as described above. Charge-
discharge battery experiments were performed using ferrocene as catholyte and iron(111)
acetylacetonate (Fe(acac)s, 99%, Sigma Aldrich) as an anolyte. Magnetic stir-bars were
used to agitate the solutions. Allthe charge-discharge chrono-potentiometric analyses were
performed in an inert atmosphere by pursing N, gas. Before each experiment, the intemnal
resistance of the solution in the three-electrode cell was measured atleast 10 timesto check
membrane compatibility in the system. If the resistance was found to be below 20 Q, then
we continued with battery experiments. Galvanostatic discharge and charge currents were
0.5mA and 1 mA, respectively. Charge cycles were run up to 0.6 V and discharge cycles
downto-0.2 V.

5.2.4 Scan Rate Dependent Cyclic Voltammetry Study: Absolute ethanol was used to
recrystallize tetrabutylammonium hexafluorophosphate (TBAPFg; Sigma-Aldrich, 98%),
then dehydrated under vacuum, and kept in a desiccator. CV experiments were performed
with 0.1 M TBAPFg in MeCN (HPLC grade, VWR Chemicals) electrolyte in a nitrogen-
purged environment at room temperature. All experiments were performed with a CHI
660E potentiostat using a glassy-carbon-disk working electrode (2 mm diameter, Pine
Research), Ag/Ag* nonaqueous reference electrode (BASI Instruments) with 0.001 M
AgNO3 in MeCN, and platinum wire counter electrode. 0.05 um alumina powder (Allied
High-tech Products Inc., DeAgglomerated) was used to polish glassy carbon working

electrodes. The resistance of the internal solution was adjusted for all experiments. The
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scanning was conducted in a positive direction for ferrocene and negative direction for
Fe(acac)s, where each experiment contained three continuous cycles, and data from the
third cycle was considered for the analysis.

5.2.5 Rotating Disk Electrochemical Measurements: Rotating disk electrode (RDE)
experiments were done to calculate catholyte and anolyte electrokinetic parameters.
Diffusion coefficients (D) and electron transfer rate constants (k,) are the fundamental
parameters that are used to characterize the electrochemical kinetics of the electrolytes.?
D and k, values were calculated from the RDE experiments. From the limiting current and
rotation rate, the Koutecky-Levich plot was generated. From the slope of the Koutecky-
Levich plot the diffusion coefficient was calculated using the following Koutecky-Levich

equation, Equation 5.3.25.26

5.3) - = ,i+( ! ) w /2

lk 0.62 nFACD2/3 v_l/s

Here, i is the limiting current at the disk electrode, n is the number of electrons, F is the
Faraday constant (96485 C mol1), D is the diffusion coefficient, v is the kinematic
viscosity (taken here as 4.27 x 103 cm2/s), o is the rotation rate (rad s1), C is the bulk
concentration of redox-active species (1 mM), and A is the disk area (0.1963 cm?). In
addition, ik is the kinetic-controlled current and is dependent on the reaction Kinetics. The
intercept of the Koutecky-Levich plot yields 1/ixand a Tafel plot of log(ix) vs overpotential
can be generated. Extrapolation of log(ix) to zero overpotential (E — E;/» = 0) yields log(io)
which can be related to the electron transfer rate constant through Equation 5.4.252728

5.4) i, = nFAkC
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5.2.6 FTIR Characterization: FTIR spectroscopy of dry forms of the membranes and
after battery experiments were collected and using the ThermoFisher iS50 FTIR
spectrometer in ATR mode. The ATR crystal was thoroughly clean with methanol and
Kimtech wipes before the sample was added. After battery experiments, membranes were

cleaned with solvent then dried before IR measurements.

5.3 Results and Discussion:

5.3.1 General Characterizationof Commercial Membranes: Cation and anionexchange
membranes are usually manufactured in two different forms. One form is self-supporting,
and another is mechanically reinforced. In self-supporting membranes, the functional
material comprises the entire membrane film. In contrast, mechanically reinforced
membranes are manufactured with two components: one is a 3-dimensional microporous
host matrix to provide mechanical stability and the other is the functional material. The
functional material is dispersed into the micropores of the 3-dimensional host matrix
through a soaking process to mechanically reinforced the membrane. Ami-7001s
membrane price is 10 times cheaper than the other membranes. The price of Ami-7001s is
$ 0.02/cm2. On the other hand, other membranes price almost $ 0.2/cm2. The general
characterization provides by the manufacturer for each commercial membranes tested here

is provided in Table 5.1.
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Table 5.1. Commercial Characterization of Tested Membranes

pH

Thickness

# | Membranes | General Description Color Reinforced
Range [ um
1 | AMI-7001s | AAnion Exchange 1-10 Beige 450 No
Membrane
Anion Exchange .
2 | FAS-PET-75 Membrane 0-8 Brown Foil 80 Yes
3 | FAp-asg | Fluorinated Anion 0-4 | Transparent 50 No
Exchange Membrane
Fluorinated Anion
4 | FAQ-330 Exchange Membrane 0-4 Transparent 30 No
5 | FAB-PK-130 | Anion Exchange 0-14 Brown 125 Yes
Membrane
Fluorinated Anion
6 | FAP-330 Exchange Membrane 0-4 Transparent 30 No
7 | Nafion-211 Proton Exchange 0-7 Transparent 25 Yes
Membrane
Fluorinated Anion Opaque /
8 | FAP-330-PE Exchange Membrane 0-4 White 27 Yes

5.3.2 Resistance Measurements: First, dry membranes were assembled into the H-cell
architecture by clampingthe membrane between the two glass compartments, usingo-rings
to prevent leakage of the electrolyte. A non-redox active electrolyte in the form of MeCN
with 0.1 M TBAPFs was loaded into each compartment such that electrolyte was present
on both sides of the membrane. Solution resistance measurements were then recorded using
a three-electrode configuration with the working and reference electrodes placed in one
glass compartmentand the counter electrode placed in the other glass compartment. The
solution resistance thus gives a measure of the mobility of ions through the MeCN solution
and the ion-exchange membrane when traveling between the working and counter
electrodes. The resistance of the membrane is expected to be much larger than the
resistance in solution itself, and therefore, the solution resistance measurement is often

interpreted as the resistance associated with ion transport through the membrane.
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Table 5.2 provides a summary of these measurements for each membrane. It can be seen
thatonly FAS-PET-75 and FAB-PK-130 resulted in low solution resistance values and all
others resistances were very high. Figure 5.3 shows a photograph comparing all
membranes after the solution resistance measurements in their dry forms. Notably, the
FAS-PET-75 and FAB-PK-130 membranes showed some signs of damage. Given their
already low resistance values in MeCN solvent, these membranes were not tested any

further for resistance optimization.

Table 5.2. Summary resistance measurements collected with three-electrode
configuration for different membrane conditions

24 hr Soak
24 hr Soak 0.1 M TBAPF6/
Membranes Dry 0.1 M TBAPF6/ ' Peeled
MeCN +10%
MeCN
H20
AMI-7001s | 32.000+4.000 | 26,000 + 2,000 6+1 ;
FAS-PET-75 4+1 ; ; ;
FAP-450 | 69,000+8.000 | 4,300,000+ 250,000 | 280,000+ 17,000 | 8+1
FAQ-330 | 16,000+1,000 | 490,000+ 55,000 | 360,000+ 69,000 | 8+ 1
FAB-PK-130 241 ] ] ]
FAP-330 | 25000+7,000 | 350,000+ 7,000 | 420,000+38,000| 5+1
Nafion-211 | 320,000 + 25.000 | 240,000 + 85,000 2{3%’%%%1“ 3+1
FAP-330-PE | 190,000+ 18,000 | 180.000 + 19,000 181%%%%1 3+1
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% 1 g’ B
Figure 5.3. Photograph showing each membrane measuring their resistance in dry form.
The data was collected in the following order: (1) AMI-7001s, (2) FAS-PET-75, (3) FAP-

450, (4) FAPQ-330, (5) FAB-PK-130, (6) FAP-330, (7) Nafion-211, (8) FAP-330-PE.

Each membrane is manufactured with a mobile counter ion inside the membrane. Most
contain fluoride and some contain bromide. In an attempt to minimize the resistance of
each membrane, we pre-soaked the membranes in 15 mL of 0.1 M TBAPFs in MeCN
solution for 24 h to fully exchange the mobile counter ions with ions TBA* and PFg- ions.
The same procedure as above was then used to measure the solution resistance in a three-
electrode configuration. In all cases, the soaking procedure made little to no difference in
the solution resistance measurements.

As discussed in the introduction, all commercial ion-exchange membranes were
originally developed for aqueous electrolytes and thus the membranes may not function
well without some amount of water being present. Thus, each membrane was soaked for
24 h in a solvent mixture of 12% H,O / 88% MeCN with 0.1 M TBAPF¢. Results from

solution resistance measurements after this procedure also showed very little impactexcept
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in the case of AMI-7000s. Here, the resistance was found to drop dramatically from 26,000
Q to 6 Q after soaking with added H,O. We thus performed further experiments to
determine the minimum amount of water needed to decrease the solution resistance. It was
found that a 1% H,0 / 99% MeCN solution was enough to decrease the membrane
resistance to below 10 Q. Notably, the AMI-7000s also showed no signs of degradation
from MeCN or H,0 and thus the measured resistance is that of ion-transport through the
membrane.

Anotherimportantobservation was made with the H,O/MeCN soakingexperiments. The
membranes FAP-330 and FAP-450 were found to delaminate into 2 separate pieces after
soaking for 24 h. Neither of these membraneswere advertised as being reinforced with an
additional material; however, there was obviously a second film present. We believe this
film is only meant to provide structural stability during manufacturing and shipping of the
membrane butis not intended to be used during electrochemical experiments. Similarly,
Nafion-211 and FAP-330-PE membranes were able be peeled apart into two separate
pieces without the need for soaking. Resistance measurements conducted for peeled
membranes in their dry forms (i.e. no pre-soaking) exhibited much lower resistances than
any previous measurement and were now on par with that of AMI-7000s after soaking in
H20/MeCN electrolyte. Despite the decrease in resistances for the peeled membranes,
many were found to be unstable in MeCN solution over long periods of time. Figure 5.4
shows photographs of FAP-330-PE, Nafion-211, and FAP-450 peeled off membranes after
resistance measurements. These membranes show visible signs of wrinklingand were easy

to tear.
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(8) FA.E

Figure 5.4. Photographs of peeled membranes after resistance measurements.

5.3.3 Cross-over Measurements: Cross-over measurement for selected membranes was
performed to assess the ability of the membrane to block the transfer of redox-acitve
molecules from one compartmentto the other. These experiments were performed with
varying concentrations of ferrocene in 0.1 M TBAPFs MeCN in one cell compartment of
an H-cell (the catholyte) and only 0.1 M TBAPFs MeCN in the other compartment (the
anolyte). CVs were performed initially in the catholyte solution to measure the amount of
ferrocene present, then chronopotentiometric battery experiments were performed over a
period of 24 h, followed by CV experiments performedin the anolyte solution to determine
the extent of ferrocene which crossed over through the membrane. Figure 5.5 shows the
initial ferrocene CV before 24 h battery experiments and the crossed-over ferrocene CV
after 24 h battery experiments for different membranes. The data presented here represent
a starting concentration of 5 mM ferrocene in the catholyte solution. Similar data collected
fora 1 mM starting concentration is presented in Figure 5.S1. We used Equation 5.1 to
calculate the percent of cross-over and Equation 5.2 to calculate permeability. This data
is presented in Table 5.3. The cross-over percentage and permeability for AMI-7000s were

found to be zeroeven in the case of 5 mM ferrocene. A reused AMI-7001s membrane was
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also found to block cross-over. FAB-PK-130 showed a small amount of cross-over and
permeability but FAS-PET-75 and FAP-330 showed very high cross-over and
permeability. Although the cross-over percentage for FAB-PK-130 was initially very low,
reusing the same membrane for second experiment displayed very high cross-over because

of damage that occurred with the extended contact with MeCN solvent.
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Figure 5.5. Initial ferrocene CVs of catholyte solution measured before 24 h battery
experiments along with crossed-over ferrocene CVs of anolyte solution measured after 24
h battery experiments with different membranes. GC used as WE and Pt as counter and

Ag+as RE. 0.1 M TBAPFg supporting electrolyte in MeCN solvent.
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Table 5.3. Different membrane cross-over and permeability measurement data

Initial Catholyte | Final Anolyte Cross-over | Permeabilit

Membranes | Concentration | Concentration 21 _gy

(MM) (mM) Percentage | (cm“s™ 107)

1.08 0.00 0.0% 0.00
AMI-7001s

4.90 0.00 0.0% 0.00

0.97 0.09 10.0% 0.40
FAS-PET-75

4.90 1.32 26.0 % 2.50

0.97 0.02 1.7 % 0.12
FAB-PK-130

4.91 0.10 2.1% 0.12

0.97 0.10 10.3% 0.18

FAP-330
4.90 0.69 14.1% 0.28

5.3.4 Battery Experiments: While cross-over experiments were performed with a redox
inert anolyte solution, full battery experiments were conducted using redox-active
ferrocene as the catholyte and redox-active Fe(acac)s asthe anolyte. These molecules were
chosen because of their high degree of electrochemical reversibility and >1 V separation
in their Fe(l11/11) redox potentials. Figure 5.6 shows CV data comparing these two
molecules along with their chemical structures. Figure 5.52-S3 show CV data normalized
by (scanrate)¥2for1 mMferrocene and1 mM Fe''l(acac); alongwith plots of peak currents
versus vs (scan rate) 12 to indicate diffusion-controlled behavior. Rotating disk electrode
experiments presented in Figure 5.54-S5 further confirmed the reversible nature of these
redox couples where a diffusion coefficient of 1.4 x 10-5 cm?2 s was determined for
ferrocene and Fe''(acac)s. Electron transfer rates constants for each species were also
determined to be 0.0192 cm s and 0.0098 cm s, indicating fast electron transfer
reactivity.
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Figure 5.6. CV of ferrocene and Fe'!l(acac)szat 100 mV/s scan rate, GC working electrode,

Pt counter electrode, Ag*°reference electrode, 0.1 M TBAPFgin MeCN.
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Figure 5.7. Schematic diagram of H-cell battery experiment.

10 mL of each 1 mM catholyte and anolyte solution was added to either side of an H-cell
with an ion-exchange membrane placed between the two chambers (Figure 5.7).
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Chronopotentiometric cyclic experiments were performed over a period of 24 h for
different selected membranes. Figure 5.8 shows the cycling of the catholyte potential over
the 24 h period for four different membranes: AMI-7000s, FAS-PET-75, FAP-330, and
FAB-PK-130. Given that the experiment was done with a timed limit of 24 h, the number
of cycles achieved with each membrane gives some determination about battery failure,
mainly due to cross-over of the redox-active electrolytes. As the battery fails, the time
required foreach cycle becomesshorter due to aloss in the coulombic capacity within each
cell chamber. Therefore, a high number of cycles over the same time period indicates a
weaker performance of the membrane. In this regard, AMI-7001s clearly shows the lowest

number of cycles and thusexhibited the best battery performance.
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Figure 5.8. Chrono-potentiogram of 24 h battery experiments with (a) AMI-7001s, (b)

FAS-PET-75, (c) FAP-330, and (d) FAB PK-130 membranes.

Figure 5.9 summarizes the data from Figure 5.8 by calculated the anodic and cathodic
charge associate with cycle along with the coulombic efficiency. These plots show clear
decreases in charge capacity over time and cycle number except for AMI-7001s. Based on
the final cathodic charge observed after 24 h for each membrane, the ranking of membrane
performance was as follows: AMI-7001s > FAB-PK-130 > FAP-330 ~ FAS-PET-75. The
coulombic efficiencies for each membrane remained near 100% over the cycling period,
indicating that the redox chemistry associated with the molecules remained intact. This
result can be justified through cross-over of the redox-active electrolytes which results in
neutralization of each component. The mechanism of cross-over by which the molecules
pass through the membrane structure is expected to cause physical and chemical changes.
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Indeed, FTIR measurements for each membrane performed before and after the 24 h
battery experiments (Figure 5.S6) indicate clear changes in the chemical structure of all
membranes except AMI-7001s which remained nearly identical. Although specific
chemical changesare difficultto identify,the FTIR results provide some chemical evidence

associated with cross-over.
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Figure 5.9. Summary of anodic (charge) and cathodic (discharge) charges along with
coulombic efficiencies obtained from data in Figure 5.8 for full battery experiments for
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different membranes. (a) AMI-7001s, (b) FAS PET-75, (c¢) FAP-330, and (d) FAB PK 130

membranes.

5.4 Conclusions:

In this study, we explored the performance of different commercially available ion-
exchange membranes in non-aqueous redox flow batteries under ideal conditions.
Performance was compared based on high stability in a non-aqueous solvent, high
permeability to the charge carrying ion, low electric cell resistance, low cross-over of the
redox-active molecules, high thermal resistance, high mechanical property, and low cost.
Of the seven membranes initially tested for ionic resistance, four membranes emerged as
good candidates for full battery experiments. The membranes FAB-PK-75 and FAP-330
showed low resistance but very high cross-over of redox-active molecules. FAB-PK-130
was the next best candidate as it shows low resistance and low initial cross-over but could
only be used for a short period of time before cross-over becamea significant problem.
The overall best membraned studied was AMI-7001s which showed no cross-over of
redox-active electrolytesafter 24 h battery cyclic experiments and exhibited low resistance
and high structural/chemical stability in MeCN solvent. AMI-7001s is therefore the

recommended anion-exchange membrane to be used for NARFB measurements.
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b) Koutecky-Levich plot generated from RDE data to calculate the diffusion coefficient
(D) value. c) Tafel plot generated from the intercept of Koutecky-Levich plot to calculate

the electron transfer rate constant (ko).
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