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a b s t r a c t

The success of applications such as redox flow battery (RFB) technologies is highly dependent on the
development of new molecular strategies, and much work has focused on the chemistry of ferrocene
compounds as RFB components. This report presents four “all-ferrocene” salts comprised of ferrocene
anions and cations and evaluates their solubility and electrochemical properties. The four salts are
formed via metathesis reactions employing the (ferrocenemethyl)trimethylammonium cation and mono
and bis sulfonate or carboxylate ferrocene anions. We observed that the potentials of the ferrocene
components was not only dependent on the substituent, but also on the solvent medium. In particular,
the sulfonate and carboxylate ferrocene anions exhibited significant shifts in redox potential between
water, propylene carbonate (PC), and DMF. Most notably, in (ferrocenemethyl)trimethylammonium 1,10-
bis(sulfonato)ferrocene, the potentials of the cation and anion reverse, with the anion having a lower
potential in aqueous solution and a more positive potential in organic media.

© 2019 Published by Elsevier B.V.
1. Introduction

The increasing importance of renewable sources of energy, in
particular with regard to solar energy harvesting, has accelerated
the development of new energy storage materials. Recently, the
redox flow battery (RFB) approach to energy storage has received
increased attention. First developedmore than thirty years ago, RFB
design has been revisited as a potentially low cost and scalable
method for storing potential generated by photovoltaics [1e5]. In
particular, the development of new chemical compounds as the
redox active components of RFB devices has progressed rapidly. A
number of new molecular strategies are being developed and
tested, ranging from organic compounds to transition metal species
for use in both aqueous and organic media [6e16].

The ferrocene unit (Fig. 1) possesses several potential advan-
tages as a molecular component of RFB devices. This species ex-
hibits very reversible and well understood oxidation and reduction.
Additionally, ferrocene can be readily functionalized on one or both
rings; such modification can optimize solubility and tune redox
potentials. However, in spite of this recent interest in the use of
Boika), ziegler@uakron.edu
these materials, the structural space of ferrocene derivatives re-
mains largely unexplored for RFB applications [17e23]. In this
report, we present several ionic compounds comprised of ferrocene
cations and anions, or “all-ferrocene,” salts in several solvent sys-
tems. A system comprised of multiple ferrocene units could exhibit
multiple redox potentials, due to differing substitutions on the
ferrocene units. Thus, it is theoretically possible to achieve a stable
mixed-valent state, and to obtain a potential from the reaction
between the fully oxidized and fully reduced forms of, for example,
a bis-ferrocene system.

We have synthesized several all-ferrocene salts, shown in Fig. 1,
comprised of the ammonium cation and either a carboxylate or
sulfate modified ferrocene. Additionally, we can alter the ferrocene
alt ion stoichiometry by using either monofunctionalized or
bifunctionalized ferrocenes. The ferrocene salts along with the
anionic and cationic precursors were investigated by electro-
chemical methods. Notably, we observed a dependence on
hydrogen bonding in the observed redox potentials for the ferro-
cene anions in this study. This effect is particularly notable in salts
incorporating the bis(sulfonate anion); we previously published a
short communication on this chemistry [24]. We observed that,
despite the current enthusiasm for ferrocene and ferrocene de-
rivatives, not every ferrocene derivative is equally reversible and
stable. Additionally, as we expected, solvent effects play a signifi-
cant role in the performance of these compounds, and solvent
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Fig. 1. The structures of all-ferrocene salts 1e4.
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choice plays a key role in separating closely spaced redox processes,
as well as overall reversibility and stability.

2. Experimental

2.1. General information

All reagents and starting materials were purchased from com-
mercial vendors and used without further purification. Bis ferro-
cene sulfonic acid was prepared according to the previously
published procedure [25]. The mono potassium ferrocenylsulfonate
was prepared by an modification of a previously published pro-
cedure [26]. Deuterated solvents were purchased from Cambridge
Isotope Laboratories and used as received.

NMR spectra were recorded on a Varian 500MHz spectrometer
and chemical shifts were given in ppm relative to residual solvent
Scheme 1. The syntheses of
resonances (1H NMR and 13C NMR spectra). High resolution mass
spectrometry experiments were performed on a Bruker MicroTOF-
III instrument. Infrared spectra were collected on Thermo Scientific
Nicolet iS5 which was equipped with an iD5 ATR.

X-ray intensity data were measured on a Bruker CCD-based
diffractometer with dual Cu/Mo ImuS microfocus optics (Cu Ka
radiation, l¼ 1.54178 Å, Mo Ka radiation, l¼ 0.71073 Å). Crystals
were mounted on a cryoloop using Paratone oil and placed under a
steam of nitrogen at 100 K (Oxford Cryosystems). The detector was
placed at a distance of 5.00 cm from the crystal. The data were
corrected for absorption with the SADABS program. The structures
were refined using the Bruker SHELXTL Software Package (Version
6.1), and were solved using direct methods until the final aniso-
tropic full-matrix, least squares refinement of F2 converged [27].
CCDC numbers 1847169 and 1890052e1890054 contain the sup-
plementary crystallographic data for this paper. These data can be
all ferrocene salts 1e4.
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obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures.

Electrochemistry measurements were conducted using a CHI
920d potentiostat in a standard three-electrode configuration. A
platinum wire was used as an auxiliary electrode. The working
electrode used in voltammetry experiments was a platinum disk
having a diameter of either 10 mm (microelectrode) or 2 mm
(conventional electrode). The nonaqueous Ag/Ag þ reference
electrode was used by immersing silver wire in degassed dime-
thylformamide (DMF) or propylene carbonate (PC) solution of
0.01 M AgNO3/0.2M tetrabutylammonium hexafluorophosphate
(TBAPF6). All potentials were referred to the ferrocene methanol/
Fig. 2. The structures of compounds 1e4 with 35% thermal ellips
ferrocenium methanol couple. The concentration of analyte was
2mM, and the supporting electrolyte was 0.2M TBAPF6 dissolved
in DMF or propylene carbonate (PC). All solutions were purgedwith
dinitrogen prior to any electrochemical measurements.
2.2. Syntheses

Synthesis of 1. Ferrocene monosulfonic acid was dissolved in
EtOH and neutralized with KOH. The generated mono potassium
ferrocenylsulfonate was filtered, and isolated as a yellow solid. The
product was washed with cold EtOH, and used without further
purification. A sample of 0.25 g (0.82mmol) of mono potassium
oids. Hydrogen atom positions have been omitted for clarity.

http://www.ccdc.cam.ac.uk/structures


Table 2
Half-wave potentials in mV versus ferrocenium methanol/ferrocene methanol
couple using a 2mm dia. Pt electrode. The values were determined by averaging the
peak potentials, unless a clear irreversibility is observed, inwhich case we estimated
the half-wave potential values. Cyclic voltammograms are shown in the supple-
mental information in Figures S14, S16 and S18.

H2O 1 2 3 4
cation 124
anion 120 37 346 170
PC
cation 120
anion �60 126 �21 ~300
DMF
cation 78
anion �110 76 �120 ~290

Table 1
Solubilities of compounds 1e4 (units: mM) at 293 K and 1 atm.

H2O PC DMSO DMF MECN

1 12 8.7 7.1 8.3 0.6
2 16 10 10 10 2.5
3 21 4.8 4.5 3.0 0.6
4 25 12 11 12 1.7
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ferrocenylsulfonate was dissolved in 2mL of water and 10mL of
EtOH. To the stirring solution, 0.15 g (0.86mmol) of AgNO3 was
added and the solution turned green. After the solids were dis-
solved, 0.33 g (0.86mmol) of (ferrocenemethyl)trimethylammo-
nium iodidewere added to themixture. After 1 h of stirring at room
temperature, the AgI precipitate was filtered. The filtrate was
collected and the solvent was removed by rotary evaporation. The
residue was precipitated with the addition of ether, and the
resultant solid was filtered and washed with cold DCM. Crystals
suitable for X-ray diffraction were grown by vapor diffusion of
MeOH into a hexane solution.

(1). Yield: 0.37 g (86%). IR (SeO stretch, cm�1): 891 (w), (SO
stretch, cm�1): 1355 (br, m), 1177(s). Hi-res ESI MS (positive mode)
calcd C24H29Fe2NO3S 523.0568m/z, found 523.0553. 1H NMR
(500MHz, d6 - DMSO): d¼ 4.49 (t, 2H, H on C5H4), 4.37 (m, 4H, H on
C5H4, and CH2), 4.29 (s, 2H, H on C5H4), 4.24 (m, 5H on Cp), 4.18 (s,
5H on Cp), 4.05 (s, 2H, H on C5H4), 2.90 (s, 9H, CH3). 13C{1H} NMR
(125MHz, d6 - DMSO): d¼ 97.1, 73.4, 72.1, 70.1, 69.5, 69.1, 67.2, 67.1,
65.6, 51.5 (CH3).

Synthesis of 2e4. The procedure for the synthesis of 3e4 is the
same as 2 except 0.72mmol of 1,10- bis ferrocene sulfonic acid, and
0.91mmol of 1,10-bis ferrocene carboxylic acid were used. To
generate compound 2, 0.25 g (1.09mmol) of ferrocene carboxylic
acid was dissolved in 10mL of water. To this stirring solution,
0.126 g (0.54mmol) of Ag2O, and 0.42 g (1.09mmol) of (ferroce-
nemethyl)trimethylammonium iodide were added. The reaction
flask was wrapped in foil in the dark and left to stir at room tem-
perature for 24 h. The AgI was filtered, and the filtrate was freeze
dried. The residuewas dissolved inMeOH and precipitatedwith the
addition of ether. The generated solid was filtered and washed with
cold DCM. Crystals suitable for X-ray diffraction were grown by
vapor diffusion of hexane into a MeOH solution, THF into a MeOH
solution, and water evaporation for 2e4 respectively.

(2). Yield: 0.40 g (75%). IR (CO stretch, cm�1): 1377(vs),1571 (vs).
Hi-res ESI MS (positive mode) calcd C25H19Fe2NO2 487.0898m/z,
found 487.0897. 1H NMR (500MHz, d6 - DMSO): d¼ 4.49 (t, 2H, H
on C5H4), 4.38 (m, 4H, H on C5H4, and CH2), 4.34 (t, 2H, H on C5H4),
4.24 (s, 5H on Cp), 4.01 (s, 5H on Cp), 3.99 (s, 2H, H on C5H4), 2.91 (s,
9H, CH3). 13C{1H} NMR (125MHz, d6 - DMSO): d¼ 170.6 (C]O),
84.5, 73.3, 71.9, 69.9, 69.6, 68.9, 68.3, 67.6, 65.4, 51.3 (CH3).

(3). Yield: 0.55 g (89%). IR (SO stretch, cm-1): 1383 (m), 1175 (s).
Hi-res ESI MS (positive mode) calcd C38H48Fe3N2O6S2 861.1083m/z,
found 861.0950. 1H NMR (300MHz, d6 -DMSO): d¼ 4.50 (s, 4H, H
on C5H4), 4.39 (s, 4H, H on C5H4), 4.38 (s, 4H, CH2), 4.31 (s, 4H, H on
C5H4), 4.24 (s,10H, Cp), 4.11 (s, 4H, H on C5H4), 2.92 (s,18H, CH3). 13C
{1H} NMR (125MHz, d6 e DMSO): d¼ 50.92, 65.00, 67.50, 68.50,
69.52, 69.91, 71.49, 72.78.

(4). Yield: 0.52 g (73%). IR (CO stretch, cm�1): 1381 (vs), 1555
(vs). ESI MS (positive mode) calcd C14H21FeN 259.1018 m/z, found
259.1045 [MþH]þ, calcd C12H10FeNaO4 296.9821 m/z, found
296.9873 [MþNa]þ. 1H NMR (500MHz, d6 - DMSO): d¼ 4.51 (s, 4H,
H on C5H4), 4.43 (m, 4H, H on C5H4, and CH2), 4.37 (s, 4H, H on
C5H4), 4.30 (m, 4H, H on C5H4), 4.24 (s, 10H on Cp), 3.84 (s, 4H, H on
C5H4), 2.96 (s, 18H, CH3). 13C{1H} NMR (125MHz, d6 - DMSO):
d¼ 171.7 (C]O), 83.6, 73.3, 71.9, 70.1, 69.9, 68.9, 68.4, 65.4, 51.4
(CH3).

3. Results and discussion

The syntheses of the all-ferrocene salts (compounds 1e4) are
carried out via straightforward ion metatheses reactions. The
ammonium and carboxylic acid modified ferrocenes can be readily
synthesized [28e32] or purchased from chemical vendors. The
mono and bis sulfonate modified ferrocenes can be produced via
the reaction of chlorosulfonic acid with ferrocene, with the desired
products formed bymanipulation of reaction conditions [25,26,33].
We have used these compounds over the past few years as pre-
cursors to synthesize a variety of sulfonamide and sulfonyl com-
pounds [25,34,35]. Scheme 1 shows the synthetic methods used to
generate compounds 1e4. The all-ferrocene salts are produced via
use of silver ferrocene salts as in situ intermediates, which upon
reactionwith the ferrocene trimethylammonium iodides, afford the
desired all-ferrocene salts as pure crystalline materials. The mono-
sulfonate salt uses silver nitrate as the source of the metathesis
reagent, while the remaining three preparations employ silver
oxide in either one half or one equivalent depending on the charge
of the anion. These compounds were fully characterized to confirm
their composition, including by single crystal X-ray diffraction for
all of the compounds, the structures of which are shown in Fig. 2.
The salts exhibit the expected structural features for these ions, in
good agreement with previously published structure elucidations
[36e43].

One of the key properties of any redox active component of RFB
is solubility; without sufficient solubility, optimal energy density
cannot be achieved. Table 1 lists the solubility of compounds 1e4 in
several organic solvents and in water; solubilities were determined
after sonication for 10min at 293 K and 1 atm of pressure. All four
salts are reasonably soluble in both aqueous and organicmedia. The
best solubilities are observed in aqueous solution, and in organic
solvents larger solubilities are seen in the polar solvents like PC,
DMF and DMSO. Once concern is the lower solubility in MeCN,
which is in contrast with many ferrocene derivatives. However,
with regard to aqueous solubility, the salts exhibit significantly
increased solubility versus compounds such as ferrocene methanol.
Additionally, hydrogen bonding interactions may also be playing a
role in solvation, as we have observed a notable effect of these
intermolecular forces on the oxidation potential of the anions.

We investigated the electrochemistry of solutions of the single
ferrocene cations and anions, as well as salts 1e4. The electro-
chemical behaviors of the ammonium and carboxylate modified
ferrocenes have been explored; in particular the ammonium cation
has been used in a wide variety of electrochemical applications
[18,44,45]. In contrast, the electrochemistries of the mono and bis-
sulfonate modified ferrocene have not been as extensively inves-
tigated [46,47]. Table 2 shows the half wave potentials versus fer-
rocenium methanol/ferrocene methanol redox couple for the five
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ions. Figs. S14eS19 show the cyclic voltammograms of the
ammonium cation, mono carboxylate, bis carboxylate, mono sul-
fonate, and bis-sulfonate modified ferrocene ions respectively in
water, DMF, and PC solutions. We note several trends in the degree
of reversibility and the potentials in these solvent systems. First, the
carboxylate salts clearly exhibit solvent-dependent stability issues
in organic media, as seen in the lack of reversibility. Second, all of
Fig. 3. Cyclic voltammograms of all-ferrocene salts 1e4 (2mM) measured on 2mm dia. Pt
0.2M TBAPF6; Bottom: DMF solution with 0.2M TBAPF6. Salts 1 and 2: red solid curves; sa
and �24 mV to ferrocene in PC and DMF respectively. (For interpretation of the references t
the ferrocenes undergo significant shifts in redox potential
depending on the solvent. In H2O and PC, the half wave potentials of
the ferrocene ammonium cation are 124 and 120mV versus fer-
rocenium methanol/ferrocene methanol, while in DMF the poten-
tial shifts to the lower value of 78mV. For the anions, in most cases
the potential shifts to more negative values going fromwater to PC
or DMF. This effect is most clearly seen in the bis-sulfonate
at scan rate 60mV/s. Top: aqueous solution with 0.2M KCl; Middle: PC solution with
lts 3 and 4: blue dotted curves. Ferrocene methanol has relative potential of �29 mV
o colour in this figure legend, the reader is referred to the Web version of this article.)
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modified ferrocene; we initially reported this solvent dependent
redox behavior in a communication [24]. One exception to this
trend is the monocarboxylate anion, which increases in potential in
organic solvents.

In the salt systems, we observe some changes in the behavior
from that of the individual ions themselves. The cyclic voltammo-
grams for 1e4 are shown in Figs. 3 and 4 (2mmPt electrode and
Fig. 4. Cyclic voltammograms of all-ferrocene salts 1e4 (2mM) measured on 10 mm dia. Pt
0.2M TBAPF6; Bottom: DMF solution with 0.2M TBAPF6. Salts 1 and 2: red solid curves; sa
and �24 mV to ferrocene in PC and DMF respectively. (For interpretation of the references t
10 mmPt microelectrode respectively). In compounds 1 and 4 in
water and in compound 2 in DMF and PC, we observe simultaneous
oxidations in both cation and anion, and thus cannot differentiate
the half potentials of each ionic component. For compound 1 in
water and compound 2 in PC and DMF, this lack of separation is
clearly expected, as the potentials of the ferrocenes are effectively
identical when alonewith an inert counterion in solution. However,
at scan rate 20mV/s. Top: aqueous solution with 0.2M KCl; Middle: PC solution with
lts 3 and 4: blue dotted curves. Ferrocene methanol has relative potential of �29 mV
o colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 5. Cyclic voltammograms of bis sulfonate ammonium salt (2mM) in DMF-water mixtures with molar fraction of water 1 (red curve), 0.97 (blue), 0.74 (brown), 0.32 (green) and
0 (purple). No supporting electrolyte was added to the mixtures. Working electrode e 10 mmPt disk, scan rate 20mV/s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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for salt 4 there is a ~45mV separation between the two ferrocene
ions when separate with an inert counterion, and yet two separate
redox processes are not observed upon combination. This is
explained by the inability of the cyclic voltammetry experiment to
separate the two redox processes since the difference of the stan-
dard potentials is< 100mV [48].

The most striking changes observed in these salt systems are
seen in the oxidation potentials of the anionic components. For the
sulfonate salts 1 and 3, the oxidation potentials of the anions shift
to negative potentials in the organic solvents PC and DMF. The
largest shift is observed for the bis-sulfonate ferrocene anion,
which moves approximately 450mV from H2O to DMF. Initially we
ascribed this shift due to the changes in intermolecular interactions
with the solvent medium, such as dielectric constant changes or
hydrogen bonding interactions. Measuring the redox potential in
PC allowed us to help elucidate the nature of these interactions, as
PC has a similar dielectric constant as H2O but lacks the ability to be
Fig. 6. Limiting current (data points) and inverse solution viscosity (curve) as a function of
current were determined from the results in Fig. 5. The viscosity data were taken from Ref
a hydrogen bond donor. Notably, the redox potentials of the sul-
fonate anions do move but are closer to those of DMF than to those
of water. Thus, we hypothesize that hydrogen bonding plays a more
significant role in modulating the potential of the sulfonate anions
than does the polarity of the solvent. As for the carboxylate anions,
the effects of solvent interactions are more difficult to elucidate,
due to their lack of reversibility. The lack of reversibility of ferro-
cene carboxylate anions is well known [49,50]. However, we do
observe that in the carboxylate salts 2 and 4, the redox potential is
most positive in PC, intermediate in DMF, and lowest in H2O.

Previously, we presented the redox properties of compound 3,
and we observed that it is possible to tune its redox response to
exhibit only one oxidation peak. Fig. 5 shows the cyclic voltam-
magrams of compound 3 at various molar fractions of water and
DMF. At a molar fraction of water x¼ 0.74, we observe only one
oxidation wave instead of the two as seen in only water or DMF.
There is clearly a change in the values of the limiting currents in
the molar fraction of water (X) in the DMF-water mixtures. The values of the limiting
. [48].
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these experiments dependent on the solution composition. The
main effect is easily attributable to changes in solution viscosity,
which is dependent on the solvent composition. Fig. 6 shows a plot
of the inverse solution viscosity and the limiting current values
versus the solvent composition; the viscosity data for the water-
DMF mixtures were taken from the literature [51]. The inverse
viscosity was used since the diffusion coefficients are inversely
proportional to the solution viscosity according to the Stokes-
Einstein equation. On the graph, the limiting current points line
up quite well with the inverse viscosity curve, in support of our
hypothesis. Some disagreement between the two sets of values is
expected due to the presence of the migration effect, since no
supporting electrolyte was added to these mixtures.

In conclusion, we present a study into the syntheses and elec-
trochemical activity of a series of all-ferrocene salts. The four salts,
comprised of (ferrocenemethyl)trimethylammonium cations and
either carboxylate or sulfonate ferrocene anions, can be readily
synthesized via simple metathesis reactions. Depending on the
identity of the anions and cations in compounds 1e4, we observe
different degrees of separation between the oxidation potentials of
the ferrocene components. The potentials of the ions in salts 1e4
are highly dependent on solvent conditions, and comparisons be-
tweenwater, PC, and DMF reveal that hydrogen bonding in addition
to other solvent interactions may be playing a key role in modu-
lating the redox potentials on the anionic components of these
salts. Clearly, the choices of solvent and ferrocene ions will have a
significant role in any redox flow battery design.With regard to RFB
materials, the system with the largest difference in potential be-
tween ferrocene cation and anion is compound 3, and this salt,
depending on the solvent choice, could form a stable mixed valent
state. It is notable that the ferrocene sulfonates have improved
solubility versus ferrocene methanol and are reversible, and this is
the first evaluation of these compounds for possible energy storage
applications. We are continuing our investigations into these
compounds and the effects of solvent and solvation on potential.
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