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ABSTRACT: This report describes the design, synthesis,
solubility, and electrochemistry of a series of tris-bipyridine
chromium complexes that exhibit up to six reversible redox
couples as well as solubilities approaching 1 M in acetonitrile.
We have systematically modified both the ligand structure and
the oxidation state of these complexes to gain insights into the
factors that impact solubility and electrochemistry. The results
provide a set of structure—solubility—electrochemistry rela-
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Relationships for Non-aqueous Redox Flow Batteries

tionships to guide the future development of electrolytes for nonaqueous flow batteries. In addition, we have identified a
promising candidate from the series of chromium complexes for further electrochemical and battery assessment.

M INTRODUCTION'

Redox flow batteries (RFBs) represent an emerging technology
for use in grid scale energy storage applications.” In these
systems, electrochemical energy is stored in solutions of redox
active materials that are pumped between external electrolyte
tanks across structured electrodes. The energy density of a RFB
is dictated by eq 1, which has three main parameters: voltage
window (Vy), solubility (C,.), and number of electrons
transferred (n).’
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Aqueous RFBs are commercially available,* and the most
common electrolytes are solutions of vanadium salts.” These
offer the advantages of reversible electrochemistry, excellent
cyclability, and high solubility (~2 M in H,0). However, their
energy densities are limited by the small voltage window of
water (~1.2 V).za’b’3 As a result, significant research effort over
the last 1S years has focused on identifying redox active
materials that can be used in solvents with wider voltage
windows, such as acetonitrile or propylene carbonate.’” >
These nonaqueous solvents could enable large increases in Vg
and n, and thereby ultimately yield RFBs with significantly
higher energy densities. Redox active materials for this
application should meet at least five criteria. They should (1)
undergo kinetically fast and chemically reversible redox
reactions; (2) exhibit multiple reversible redox events over a
large voltage window; (3) have high chemical, electrochemical,
and cell-component stabilities in multiple charge (oxidation)

states; (4) exhibit high solubility in multiple charge states; and
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(5) be accessible from inexpensive, earth abundant starting
materials.

In this context, metal coordination complexes (MCCs) have
emerged as particularly promising candidates for use in
nonaqueous RFBs. Examples of MCCs that have been studied
previously are shown in Figure 1. These include acetylacetonate
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Figure 1. Representative examples of MCCs used in nonaqueous
RFBs.
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complexes (A),'"’ metallocene derivatives (B),'' dithiolate
vanadium complexes (C),'”* and metal bipyridine and
phenanthroline adducts (D).*” Complexes A—D meet many,
but not all, of the five criteria. For instance, an alkylammonium
ferrocene derivative (B)''* was shown to undergo reversible
redox reactions and exhibit high solubility (1.7 M in
alkylcarbonate solvent mixtures). However, this material is
limited to a single redox event (1 = le”) at 3.49 V versus Li/Li",
thus requiring the use of a low-potential redox active partner
(often Li-metal), which leads to an increase in the complexity
of the system and membrane design.

The majority of previous investigations of MCCs for RFB
applications have focused on metal complexes bearing a single,
commercially available ligand (e.g, acetylacetonate or 2,2'-
bipyridine). As such, there are very few systematic studies of the
impact of ligand structure and substitution on the solubility and
redox properties of MCCs.'"*" Such studies would provide
structure—solubility—electrochemistry relationships that could
be broadly useful for the design of new generations of MCCs
for this application. A key objective of our program is to
leverage our team’s complementary expertise in synthetic
inorganic chemistry and electrochemistry/battery engineering
to delineate these structure—function relationships in prospec-
tive battery materials.

We report herein the design, synthesis, solubility, and
electrochemical characterization of a series of bipyridine
chromium complexes for use as electrolytes in nonaqueous
RFBs. These complexes exhibit up to six redox couples over an
approximately 2 V window'® and thus offer the potential for
symmetric, multielectron cells (i.e, having the same active
species in both half-cells of the battery).'* We demonstrate that
the incorporation of substituents on the bipyridine ligands
impacts the number of redox couples observed within the
electrochemical window of acetonitrile as well as the position
and reversibility of these couples. Furthermore, we show that
changes to both ligand substituents and metal oxidation state
have dramatic effects on solubility.

B RESULTS AND DISCUSSION

Design and Synthesis of Metal Complexes. Our initial
work focused on the synthesis of a range of air-stable ester-
substituted bipyridine Cr’* complexes. The ester substituent
can be easily modified, thus enabling fast and scalable
derivatization. We also synthesized the Cr° analogues of several
of these ester-bipyridine compounds. These Cr’ complexes
represent another oxidation state accessed upon charging and
discharging the flow battery. A previous report from our groups
showed that the overall charge of a MCC has a large impact on
solubility."* Thus, we pursued a detailed investigation of the
impact of ligand modifications on the solubility of both Cr**
and Cr° complexes. Finally, we synthesized and characterized a
series of alkoxybipyridine Cr’* complexes. We targeted these
more electron-rich Cr’* species to gain insights into the impact
of ligand electronic properties on the solubility and electro-
chemistry of these systems.

The ester-bipyridine ligands were prepared via Jones
oxidation of 4,4'-dimethylbipyridine to afford the correspond-
ing dicarboxylic acid,"> which was further converted to the acid
chloride by reaction with oxalyl chloride. Esterification with the
corresponding alcohol afforded the desired ligands (L3—L14)
in 31—67% yield over the three-step sequence (Scheme 1a).

The 4,4'-alkoxy-substituted bipyridine ligands were prepared
by demethylation of 4,4'-dimethoxybipyridine with HBr,'®

Scheme 1. Synthesis of Bipyridine Ligands (a) L3—L14 and
(b) L16 and L17
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followed by alkylation of the dihydroxybipyridine intermediate
with the appropriate alkyl halide (Scheme 1b). Ligands L16 and
L17 were obtained in 37% and 65% yield over these two steps,
respectively.

Overall, 17 tris-bipyridyl Cr** complexes and 7 tris-bipyridyl
Cr° complexes were prepared in this study (Scheme 2). The
Cr** complexes were obtained in 45—99% yield by stirring the
appropriate ligand with [Cr(MeCN),](BF,), in acetonitrile for
1S min at room temperature, followed by le™ oxidation with
AgBF, (Scheme 2a). The Cr® complexes were prepared in 42—
99% yield by refluxing the appropriate ligand with Cr(CO); in
degassed mesitylene under a nitrogen atmosphere (Scheme
2b). All of the metal complexes were characterized via
elemental analysis and mass spectrometry. In addition, an X-
ray crystal structure of [Cr(L15);]*" was obtained, which
shows an octahedral geometry with all Cr—N bond lengths in
the range of 2.032—2.046 A (Figure 2).

Solubility of Ester-bipyridine Cr** Complexes. We first
assessed the solubility of [Cr(L1);]**-[Cr(L14);]*" in
acetonitrile using UV—vis absorption spectroscopy. Acetonitrile
was selected as the solvent based on its wide electrochemical
window (~5 V) and low viscosity. The solubilities of the Cr**
complexes derived from the commercially available bipyridine
(L1) and 4,4’-dimethylbipyridine (L2) ligands were deter-
mined and used as benchmarks for comparison to the
synthesized analogues. Solubility is a complicated phenomenon
that involves the interplay of many, often competing, factors."”
Nonetheless, we initially hypothesized that three features of R
were most likely to favorably impact the solubility of these
complexes in acetonitrile: (1) longer chain length, (2) more
chain branching, and (3) replacing —CH,— groups with more
electronegative atoms in the chain. We reasoned that increasing
the chain length and branching could enhance solubility by
disrupting packing in the solid state."” In addition, we reasoned
that replacing nonpolar —CH,— groups with more polar atoms
such as oxygen could increase solubility by enhancing favorable
dipole—dipole interactions between the solute and the
acetonitrile.

As summarized in Figure 3, the solubilities of the Cr’t
complexes of ligands L3—L14 range from 0.05 to 0.71 M.
Increasing the alkyl chain length from one carbon ([Cr-
(L3),]%") to four carbons ([Cr(L5);]**)"® resulted in a >5-fold
increase in solubility from 0.13 to 0.71 M. However, a further
increase in the alkyl chain length to a seven carbon chain
([Cr(L7);]**) led to a decrease in solubility relative to
[Cr(L5);]*" (0.39 M versus 0.71 M). The Cr complexes
bearing seven and eight carbon chains had the same solubility
(0.39 M for [Cr(L7);]** and [Cr(L8);]*"). We hypothesize
that the lower solubility of [Cr(L7);]** and [Cr(L8);]**
compared to [Cr(L5);]** may be due to the formation of a
lipophilic shell around the more hydrophobic complexes, which
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Scheme 2. Synthesis of Ester-bipyridine and Alkoxy-bipyridine Cr** (a) and Cr’ Complexes (b)
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Figure 2. Solid-state X-ray crystal structure of [Cr(L15);]*". Thermal
ellipsoids at 50% probability. The hydrogen atoms and the counterions
are omitted for clarity.

offsets the effects of chain elongation and disorder on molecular
packing.

The complex bearing an isopropyl ester ([Cr(L4),]**)
showed a significant improvement in solubility relative to the
analogous methyl ester-containing compound [Cr(L3),]*"
(0.34 M versus 0.13 M, respectively). This could be due to
either the increase in chain length or the increase in branching.
In an attempt to deconvolute these effects, we compared the
butyl and sec-butyl ester derivatives [Cr(L5);]** and [Cr-
(L6),]%*, which both contain a four carbon ester chain. The
complex bearing the more branched sec-butyl chain had a
slightly lower solubility than that with the linear butyl chain
(0.6 M versus 0.71 M, respectively). This suggests that chain

length has a more significant impact on solubility than
branching in [Cr(L4);]*" versus [Cr(L3);]*".

A comparison of the Cr’* complexes with ligands L9—L12
allowed us to assess the impact of electronegative groups on
solubility. For example, replacing two —CH,— groups in the
ester chains of [Cr(L7);]*" with electronegative oxygen atoms
in [Cr(L11),]3" resulted in enhanced solubility (0.39 M versus
0.54 M). [Cr(L7);]** and [Cr(L11);]*" can also be compared
to [Cr(L9),]**, which contains a benzyl group with a seven
atom backbone. The low polarity of the phenyl ring along with
the possibility of stabilizing 7—7 interactions in the solid state
would be expected to render this complex significantly less
soluble than [Cr(L7),]** and [Cr(L11),]**. Indeed, the
solubility of [Cr(L9);]** was only 0.05 M in acetonitrile.
While the introduction of oxygen atoms into the seven atom
ester chain had some impact on solubility, an analogous effect
was not observed in compounds containing four atom ester
chains (i.e, complexes bearing ligands LS and L10). For
instance, comparing [Cr(L5);]** and [Cr(L10);]3*, the
replacement of —CH,— with —O— had a minimal impact on
solubility (0.71 and 0.62 M, respectively). In addition, the
incorporation of the cyclic ether chain in [Cr(L12),]** had
minimal impact on solubility when compared to the linear
ethylene glycol ether in complexes [Cr(L10);]*" and [Cr-
(L11);]%* (0.56 M versus 0.62 and 0.54 M, respectively).

Finally, we examined the incorporation of other polar
functional groups into the ester chains. Complexes containing
a cyano group and trifluoromethyl substituents on the esters
([Cr(L13),;]*" and [Cr(L14),]**, respectively) showed sol-
ubilities in a range similar to the most soluble complexes (0.58
and 0.61 M, respectively). Overall, while some trends in
solubility can be discerned from this series, it appears that the
solubility of these Cr** complexes reaches a plateau at
approximately 0.6—0.7 M, and the complexes bearing four
atom ester chains ([Cr(L5);]%*, ([Cr(L6),]%, [Cr(L10),]%*
and [Cr(L13);]*") have consistently high solubilities.

Solubility of Cr® Complexes. Solubilities of the neutral
Cr® complexes containing ligands L3, L5—L7, and L9—L11
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Figure 3. Solubility of [Cr(L);]** in acetonitrile.
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Figure 4. Solubility of [Cr(L);]° in acetonitrile.

were also assessed. In these systems, the solubility in
acetonitrile ranged from essentially insoluble (<0.0015 mM) "’
to 210 mM (Figure 4). For all of the ligands examined, the
neutral Cr’ compounds were significantly less soluble than the
corresponding cationic Cr** species. In the neutral complexes,
moving from the one carbon chain in [Cr(L3);]° to the four
carbon butyl chain in [Cr(L5),]° improved solubility by almost
an order of magnitude (0.48 mM versus 3.9 mM, respectively).
However, upon further increasing the alkyl chain length to a
seven carbon chain ([Cr(L7);]°), a significantly lower solubility
was observed (0.018 mM). Again, this may be due to the
lipophilic nature of the heptyl chain.

The incorporation of a branched sec-butyl chain ([Cr-
(L6);]°) reduced the solubility of the complex as compared to
the linear butyl chain (0.089 mM versus 3.9 mM, respectively).
As discussed above, a similar decrease in solubility with
branching was observed in the Cr¥ complexes, although the
results for the neutral complex are more pronounced. The
incorporation of the benzyl chain ([Cr(L9);]°) led to a
complex that is essentially insoluble in acetonitrile (<0.0015
mM)."”” This is likely due to the nonpolar nature of this
substituent as well as stabilizing 7—n stacking interactions of
the aromatic units in the solid state.

The incorporation of electronegative atoms on the ester
chains led to dramatic improvements in solubility compared to
the aliphatic analogues. For example, moving from the butyl

chain ([Cr(L5),]°) to the methoxyethyl chain ([Cr(L10),]°)
resulted in an ~3-fold increase in solubility (3.9 versus 10 mM,
respectively). Even more dramatically, moving from a heptyl
chain ([Cr(L7);]°) to a methoxy(ethoxy)ethyl chain ([Cr-
(L11),]°) afforded an almost four order of magnitude
enhancement in solubility (0.018 versus 210 mM, respectively).

Solubility of Alkoxybipyridine Cr** Complexes. The
solubilities of the alkoxybipyridine Cr’* complexes [Cr-
(L15);]%* to [Cr(L17),]3* were also determined in acetonitrile
and range from 0.29 to 0.61 M (Figure S). Ethers bearing
methyl and butyl chains ([Cr(L15);]** and [Cr(L16),]**)
yielded compounds with similar solubilities (0.61 and 0.58 M,
respectively). Somewhat surprisingly, the incorporation of the
methyl ether diethylene glycol chain ([Cr(L17);]*") resulted in
a complex with only moderate solubility in acetonitrile (0.29
M). In general, the alkoxy-derived Cr'* molecules reach a
similar saturation point as the ester-bipyridine Cr** species.

Overall, these studies reveal two key points regarding
solubility:

(1) There are significant differences in solubility (up to 4
orders of magnitude) between active species bearing the same
supporting ligands but different oxidation states (i, Cr’*
versus Cr’). This must be accounted for in nonaqueous RFB
battery design and cycling,

(2) The solubility of these molecules is subject to a
complicated interplay of factors. The solubility of Cr’*
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Figure S. Solubility of functionalized alkoxy-bipyridine [Cr(L);]** in

acetonitrile.

complexes is relatively insensitive to substituent effects (with
values ranging from 0.2 to 0.7 M for most complexes). We
hypothesize that the overall 3+ charge dominates the solubility
properties of these molecules, rather than the specific
substituents on the ligands. In contrast, the solubilities of the
analogous neutral Cr° species varies over 4 orders of magnitude
(~0.02 to 200 mM). At Cr’, the largest solubility enhancement
was achieved by replacing nonpolar —CH,— groups with
electronegative oxygen atoms on the ester side chains of the
ligands.

Electrochemistry of Cr-Complexes. Cyclic voltammetry
for all Cr** and Cr’ complexes was performed in a three-
electrode cell in acetonitrile with TBABF, as the supporting
electrolyte and Ag/Ag* as the reference. Tables 1—4 list the
redox potentials (E,/, average of the cathodic and anodic
potentials), the peak current ratios after deconvolution (iPrEd/
i,™ ratio of cathodic current to anodic current), and the peak
potential separation (AE,, difference between cathodic and
anodic potentials) for each of the complexes. The couple at the
most positive potential is designated as the first redox couple
(Figure 6A). A peak current ratio of 1 is indicative of a redox
couple that is chemically reversible on the time scale of the CV
experiment. It is important to note that these CV reversibility
measurements do not necessarily correlate with cyclability in
electrochemical evaluations over longer timeframes (e.g.,
charge—discharge). Nonetheless, CV serves as a useful method
to conduct a rapid initial analysis of MCC electrochemistries.*’

The bipyridine [Cr(L1);]** and dimethylbipyridine [Cr-
(L2);]*" complexes show six well-defined redox couples across
2.3 and 2.1 V, respectively (Table 1). When comparing the
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Figure 6. Cyclic voltammograms of a 10 mM solution of complex with
0.1 M TBABF, in acetonitrile. Reference is Ag/Ag* with AgBF, (0.01
M); working electrode is glassy carbon disk; counter electrode is
platinum wire; scan rate is 100 mV s™'; temperature is 23 °C. (A)
[Cr(L5),;]%, (B) [Cr(L8);]**, and (C) [Cr(L14);]*". Bar indicates
starting potential, and arrow indicates starting sweep direction.

redox potential (E;/,) of the first couple of [Cr(L1);]*" and
[Cr(L2);]*", we observe a significant shift toward a more
negative potential with the more electron-donating methyl-
substituted ligands (—0.56 V versus —0.72 V, respectively).
These values are in accordance with those reported in the
literature.”" When the complexes are cycled to potentials below
—2.5V, a new shoulder at approximately —1.4 V is observed.
We attribute this shoulder to irreversible decomposition of the
complexes. This indicates that only the first four redox couples
are sufficiently stable to be considered for cycling in a RFB.
Nevertheless, this chemistry could afford a symmetrical cell
with 2¢” transfers at each electrode.

Complexes bearing the electron-withdrawing ester-substi-
tuted bipyridine ligands generally show six couples between
—0.14 V and —2.05 V (Table 2 and Figure 6A). While the
electronic structure of Cr(bpy); complexes in the various
oxidation states is still the subject of significant debate,”
Wieghardt and co-workers have suggested that the redox events
of these complexes are primarily ligand-centered.”> Most
modifications to the ester substituent have minimal impact
on the electrochemistry (Table 2). For the majority of the ester
bipyridine complexes, the first three redox couples (first,
second, third) are spaced by approximately 0.5 V, whereas the
last three redox couples are closer in potential, with a spacing of
about 0.2 V.** This is consistent with previous literature reports

Table 1. Potentials, Peak Current Ratios, and Peak Separations for the Bipyridine Cr** and Dimethylbipyridine Cr** Complexes

in Acetonitrile”

compound first second

[Cr(L1),]%* E,j; (V) —0.56 -1.08
ANVERS 1.03 119
AE, (V) 0.084 0.077

[Cr(L2),]%* Eyp (V) -0.72 -122
i, i,™ 0.94 0.98
AE, (V) 0.070 0.077

third fourth fifth sixth
—1.65 —-2.27 —2.58 —2.81
091 1.04 1.02 1.62
0.077 0.077 0.084 0.084
—-1.7§ —-2.34 —-2.62 —-2.84
0.94 1.04 1.05 2.11
0.077 0.077 0.091 0.056

“Reference is Ag/Ag* with AgBF, (0.01 M); supporting electrolyte is TBABF, (0.1 M); working electrode is glassy carbon disk; counter electrode is

platinum wire; scan rate is 100 mV s™'; temperature is 23 °C.
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Table 2. Potentials, Peak Current Ratios, and Peak Separations for the Ester-bipyridine Cr’* Complexes in Acetonitrile”

compound first second
[Cr(L3),]%* E, (V) —-0.20 —0.61
ipred/i 1.02 1.04
AE, (V) 0.070 0.070
[Cr(14),1% E, (V) -0.17 —-0.59
ipred/i 0.99 0.99
AE, (V) 0.060 0.060
[Cr(L5),]%* Eyp (V) —0.20 —0.61
i/, 0.99 0.96
AE, (V) 0.072 0.078
[Cr(L9),]%* E), (V) -0.17 —-0.57
IR 101 091
AE, (V) 0.078 0.078
[Cr(L10),]** E, (V) —0.14 —-0.57
iy 0.58 L11
AE, (V) 0.13 0.11
[Cr(L11),]** Ey, (V) —-0.17 —0.58
ipred/i 1.06 0.90
AE, (V) 0.084 0.070
[Cr(L12),]** Ey (V) —0.21 —0.61
i/, 0.99 0.96
AE, (V) 0.093 0.094
[Cr(L13),]* E,, (V) -0.17 —-0.59
ip/i 0.99 0.96
AE, (V) 0.14 0.13

third fourth fifth sixth
-1.14 —-1.67 —1.86 —2.03
1.04 1.03 0.94 0.95
0.077 0.063 0.056 0.056
—1.22 —1.65 —1.85 —-2.02
1.00 0.98 0.97 0.95
0.065 0.060 0.045 0.050
-1.14 -1.67 —1.86 —-2.04
0.99 0.94 0.97 1.02
0.080 0.071 0.066 0.069
—1.11 —1.64 —1.82 —1.99
0.58 0.24 0.63 0.87
0.070 0.083 0.066 0.072
-1.13 —-1.67 —1.89 —2.07
0.95 1.29 0.87 0.52
0.11 0.12 0.12 0.14
—1.12 —-1.63 —1.82 —-2.00
0.98 0.98 1.02 1.06
0.084 0.063 0.056 0.070
-1.15 -1.68 —-1.87 —-2.04
1.01 0.95 0.96 0.99
0.10 0.093 0.092 0.096
—-1.12 -1.63 —-1.83 —-2.02
1.01 0.95 0.96 0.99
0.13 0.14 0.14 0.14

“Reference is Ag/Ag" with AgBF, (0.01 M); supporting electrolyte is TBABF, (0.1 M); working electrode is glassy carbon disk; counter electrode is

platinum wire; scan rate is 100 mV s™'; temperature is 23 °C.

Table 3. Potentials, Peak Current Ratios, and Peak Separations for the Alkoxy-bipyridine Cr** Complexes in Acetonitrile”

compound first second
[Cr(L15),]* Ey (V) -0.92 -1.36
i/, 0.70 0.79

AE, (V) 0.090 0.095
[Cr(L16),]* E, (V) —0.94 -1.38
IR 0.98 0.98

AE, (V) 0.077 0.063
[Cr(L17),]* E, (V) -0.93 -1.37
ipred/i 0.87 1.03

AE, (V) 0.070 0.070

third fourth fifth sixth
—-1.74 —-2.30 —-2.57 —-2.80

0.65 0.75 0.92 0.47

0.10 0.10 0.12 0.076
-1.76 —-2.31 —2.57 -2.79

1.00 0.97 1.00 0.25

0.070 0.070 0.063 0.042
-1.76 —2.30 —2.55

0.90 1.01 0.73

0.077 0.063 0.077

“Reference is Ag/Ag* with AgBF, (0.01 M); supporting electrolyte is TBABF, (0.1 M); working electrode is glassy carbon disk; counter electrode is

platinum wire; scan rate is 100 mV s™'; temperature is 23 °C.

of related systems.'”> Widely spaced redox events are desirable
for RFB applications, since the potential window of the cell
(V) is determined by the spacing between the highest and
lowest potential redox couple. In principle, the six redox
couples associated with these ester-substituted bipyridine Cr
complexes should enable a symmetrical 3¢~ RFB cell in which a
Cr® complex is oxidized by 3¢” on one side of the cell and
reduced by 3¢ on the other side of the cell.”

A few ester substituents resulted in irreversible electro-
chemical behavior. For example, the cyclic voltammograms of
complexes bearing sec-butyl ([Cr(L6);]**), heptyl ([Cr-
(L7)5]*"), and octyl chains ([Cr(L8);]**) show large anodic
currents at approximately —2.0 V (see Figure 6B for an
example). These large increases in current could be due to
ligand dissociation, as noted for other Cr(bpy); complexes,”" or
may be due to the formation of side products with high
diffusivities. The cyclic voltammograms of the corresponding
free bipyridine ligands show quasi-reversible peaks between —2

V and —2.5 V. The perfluorinated ester-containing complex
[Cr(L14),]*" also shows multiple irreversible redox events
(Figure 6C). This is likely due to low stability of the fluorinated
alkyl chains at highly reducing potentials.*®

For the alkoxy-substituted bipyridine Cr’* complexes, the
first reduction wave occurs at —0.9 V, which is significantly
more negative than for the corresponding ester-derived
complexes (Table 3). This is consistent with the resonance
electron-donor properties of alkoxy substituents.”” The
complexes bearing alkoxy-substituted bipyridines show four
quasi-reversible redox processes by cyclic voltammetry (Figure
7A). There is a decrease in the voltage separation between each
redox couple relative to the analogous ester-substituted
derivatives. At strongly reducing potentials (V > —2.5 V), the
alkoxy-bipyridine complexes exhibit poor stability, which results
in the observation of small shoulders (—1.59, —1.19, 0.84 V,
Figure 7B). Additionally, the fifth peak in all of the alkoxy-
bipyridine complexes has a larger peak current compared to the
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Figure 7. Cyclic voltammogram of a 10 mM solution of [Cr(L16),]**
with 0.1 M TBABF, in acetonitrile. Reference is Ag/Ag" with AgBF,
(0.01M); working electrode is glassy carbon disk; counter electrode is
platinum wire; scan rate is 100 mV s™'; temperature is 23 °C. (A) CV
in black is for a voltage window of —2.5 to 1.5 V. (B) CV in red is for a
voltage window of —3.0 to 1.5 V. Bar indicates starting potential and
arrow indicates starting sweep direction.

other redox couples in the complex (Figure 7B). This increase
in current may be related to free ligand in solution, as the
voltammogram of free ligand shows a reversible redox couple at
approximately —2.6 V. In the case of the ethylene glycol-
substituted complex ([Cr(L17);]*"), the sixth peak is outside
of the electrochemical window of acetonitrile (Table 3).

The cyclic voltammograms of the Cr’ complexes are similar
to those of the corresponding Cr** species (compare Figure 8A
and Figure 8B). Six le” couples are present at the same
potentials as their Cr’" analogues (Table 4). The first three
redox couples are widely spaced (~0.5 V), whereas the last
three peaks (fourth, fifth, sixth) are closer in potential (~0.2 V).
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Figure 8. (A) Cyclic voltammogram in black for a saturated solution
of [Cr(L5);]° (~3.85 mM) with 0.1 M TBABE, in acetonitrile.*® (B)
Cyclic voltammogram in red for a 10 mM solution of [Cr(L5);]*
with 0.1 M TBABEF, in acetonitrile. Reference is Ag/Ag* with AgBF,
(0.01M); working electrode is glassy carbon disk; counter electrode is
platinum wire; scan rate is 100 mV s™'; temperature is 23 °C. Bar
indicates starting potential and arrow indicates starting sweep
direction.

The sixth redox couple shows a large peak current as compared
to the others. Interestingly, analogous behavior is not observed
in the Cr** series. The reason for this increase in peak current is
unclear, but it might be due to the generation and reduction of
the free ester-bipyridine ligand.”’ Overall, the neutral
complexes show less reversible peaks than those of the Cr**
complexes based on their peak current ratios. Notably, the low
solubility of the neutral complexes in acetonitrile requires that
the CV experiments be performed near saturation limits. This
leads to low peak currents compared to the double layer
current (background current). As a consequence of their low
solubility in acetonitrile, the Cr’ compounds bearing sec-butyl,
heptyl, and benzyl ester substituents ([Cr(L6);]% [Cr(L7);]°,
and [Cr(19);]°) could not be characterized by CV.

Opverall, the cyclic voltammetry studies revealed two key
points for the development of new redox active MCCs for flow
battery applications:

(1) Alterations to the MCC ligand backbone can significantly
impact the reversibility of the redox events as well as the
stability of the metal complex toward reduction. Most ester-
substituted bipyridine complexes maintain six reversible redox
couples; however, the incorporation of long aliphatic chains or
perfluorinated substituents results in molecules with irreversible
redox behavior and poor electrochemical stability.

(2) The electronic properties of the ligand lead to significant
changes in the stability of the complexes, number of accessible
redox couples, and cell potential. The MCCs derived from
bipyridine ligands bearing electron-donating substituents (H,
alkoxy and methyl) show lower stability at highly reducing
potentials (below —2.5 V), and they provide access to just four
stable redox couples across 1.4 V. In contrast, most of the ester-
substituted complexes exhibit enhanced electrochemical
stability at low potentials and provide six reversible redox
couples across ~2 V window.

B CONCLUSIONS

This report describes a systematic study of the impact of
bipyridine ligand substitution on the solubility and cyclic
voltammetry of Cr(bpy); complexes. These studies show that
solubility in the Cr” state is currently the limiting factor for
achieving high energy densities. However, this solubility can be
enhanced by 4 orders of magnitude through the incorporation
of ester substituents bearing polar oxygen atoms. These
substituents have minimal impact on the electrochemical
behavior (as measured by cyclic voltammetry). On the basis
of all of these investigations, complex [Cr(L11);]° was selected
as a particularly promising candidate to move forward to more
advanced battery testing.'* Our initial studies (reported
independently) have shown that an unoptimized H-cell
containing [Cr(L11),]° is capable of accessing four of the six
available redox couples (two redox couples at each electrode)."*
As such, complex [Cr(L11);]° can be compared directly to
the alkylammonium ferrocene derivative B,''* which is among
the most promising MCC RFB active species reported to date.
Compound B is approximately 8-fold more soluble than
[Cr(L11),]° (1.7 M versus 0.2 M, respectively). Compound B
also has higher stability than [Cr(L11),]°, as it can be cycled
over 100 times without significant capacity fade. In contrast,
[Cr(L11),]° begins to fade after ~10 cycles in an H-cell.'*
However, [Cr(L11),]° offers several key advantages relative
to B. Complex B participates in a single one-electron transfer
event, and as such, it can only be used as one side of an
asymmetric le” RFB (n = 1). In contrast, [Cr(L11);]° enables
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Table 4. Potentials, Peak Current Ratios, and Peak Separations for the Ester-bipyridine Cr’ Complexes in Acetonitrile”

compound first second
[Cr(L3),]° E,, (V) —-0.18 —-0.59
ired/i 1.56 095
AE, (V) 0.049 0.051
[Cr(L5),]° Ey (V) —-0.18 —0.58
ipred/i 0.99 0.83
AE, (V) 0.077 0.047
[Cr(L10),]° Ey, (V) —-0.17 —0.58
i /i, 092 1.04
AE, (V) 0.061 0.061
[Cr(L11),]° Ey, (V) —-0.18 —-0.58
INVIRS 13 122
AE, (V) 0.065 0.062

third fourth fifth sixth
—1.12 —1.65 —1.83 —2.01
1.02 1.12 0.34 1.20
0.054 0.052 0.050 0.049
—1.13 —1.66 —1.85 —2.02
0.98 0.96 1.08 0.96
0.064 0.059 0.049 0.059
—-1.12 —1.64 —-1.82 —2.00
0.91 0.71 1.00 0.89
0.070 0.078 0.070 0.085
—1.11 —-1.63 —1.82 —2.00
1.13 1.06 0.98 1.32
0.067 0.072 0.059 0.078

“Reference is Ag/Ag" with AgBF, (0.01 M); supporting electrolyte is TBABF, (0.1 M); working electrode is glassy carbon disk; counter electrode is

1

platinum wire; scan rate is 100 mV s™; temperature is 23 °C.

the construction of a symmetrical RFB in which two or three
electron transfers occur on each side of the cell (i.e.,, n =2 or 3).
As shown in eq 1, a doubling or tripling of n results in a
doubling or tripling of the energy density compared to an RFB
with n = 1. The symmetric battery configuration (with the same
complex on both sides of the cell) offers the additional
advantage of mitigating irreversible performance erosion by
crossover of active species between the two sides of the cell.””
The advantages associated with complexes of general
structure [Cr(L11);]® should motivate future work aimed at
further enhancing the solubility and electrochemical stability of
these and related MCCs.*® With advances in these two areas,
MCCs that exhibit multielectron transfer events hold
considerable promise as active species for nonaqueous RFBs.
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absorption spectroscopy demonstrated unchanged spectral data
suggesting that no decomposition occurs during that time-scale (see
Supporting Information for details).
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