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ABSTRACT: Prussian blue (PB) and its analogues are promising
materials for electrochemical energy storage, yet their use in flow-type
devices is limited by their lack of redox responsiveness as colloidal
suspensions. We have investigated the redox chemistry amine
functionalization of PB along with its Cu analogue (CuPBA). No
redox response of colloidal PB was observed and suspensions of
CuPBA formed films on electrode surfaces with and without applied
potentials; the films were redox-active but the material that remained
suspended in solution did not participate in redox chemistry.
Propylamine (pa), ethylenediamine (en), or tetramethylethylenedi-
amine (TMEDA) were added in an attempt to maintain well dispersed
suspensions through nanoparticle surface functionalization. Propyl-
amine modifications resulted in a loss of the CuPBA network and subsequent precipitation of insoluble materials. Coordination of
ethylenediamine prompted the formation of Cu and Fe monomers ([Cu(en)2]m+/[Fe(CN)6]n−]) that remained soluble in aqueous
electrolytes. In the absence of supporting electrolytes, these monomers formed a one-dimensional (1D) polymeric structure (Cu2Fe-
1D). TMEDA modification preserved the CuPBA extended structure with only modest precipitate formation over 30 min. The
redox responsiveness of these suspensions depended on conditions; in 1 M KCl, no redox chemistry was observed for the CuPBA. In
pH 4 potassium hydrogen phthalate buffer, a signal was observed that was attributed to the Fe centers of CuPBA. Under these
conditions, the material precipitated in ∼15 min and the signal was lost. Although the Fe centers in these networks are redox-active,
additional work is needed to realize longer-term redox activity and stability. Ligand modifications can alter the properties of these
networks but within a given ligand class, e.g., amines, the effects can vary greatly from the deconstruction of the framework to
preventing film formation.

■ INTRODUCTION
Redox-active nanoparticles are attractive for electrochemical
energy storage (EES),1 especially when immobilized or under
heterogeneous conditions.2 In these schemes, nanoparticles are
advantageous for their fast rates of charge transfer, short
diffusion lengths, and potential for storing multiple equivalents
of charge per nanoparticle.3 Formulations that are soluble or
capable of forming colloidal suspensions are not as widely
studied, despite the attractiveness of systems that translate the
effective redox properties mentioned above to the solution
phase where they could be used in redox flow batteries
(RFBs).4

Some significant prior work on suspensions of charge storage
nanomaterials includes redox-active colloids based on poly-
mers for nonaqueous flow batteries by Rodriǵuez-Loṕez and
coworkers,5 hydrophilic redox-active polymer nanoparticles by
Oyaizu and coworkers,6 nanoparticle suspensions of Li storage
compounds by Tarascon and coworkers,7 as well as
suspensions of conducting carbon nanoparticles for Li-based
flow batteries by Chiang and coworkers.8 There are also a

handful of electroactive nanofluids based on graphene or metal
oxides that can be pumped across stationary electrodes.9

Redox-active nanoparticles have also been used as a solid-
phase component of RFBs alongside redox mediators to
improve energy density, as in the case of metal oxides such as
TiO2 and Li+-storage compounds like LiFePO4.

10 We became
interested in PB and its copper analogue (CuPBA), which have
been used in RFBs, although not as colloidal suspensions.11

Kurihara and coworkers have previously shown that surface
modifications can greatly alter the dispersibility of nanoscopic
PB, although they did not explore any redox chemistry in the
solution phase nor was this chemistry extended to CuPBA.12

Here, we study the coordination and redox chemistry of both
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PB and CuPBA, with an emphasis on understanding the effects
of adding amine ligands intended to alter the dispersibility
and/or redox activity.
PB was first synthesized in the early 1700s, making it the first

reported coordination polymer.13 Two recent perspectives, one
by Ivanov, the other by Kraft, provide comprehensive
background information on PB, invoking hundreds of years
of research.14 PB consists of Fe(II) and Fe(III) metal centers
that are bridged by cyano ligands. The Fe(II) centers are
generally surrounded by carbon and the Fe(III) centers by
nitrogen, as depicted in Figure 1. For a defect-free, idealized

lattice, there are six cyanide ligands for every pair of Fe(II) and
Fe(III) ions. Thus, the overall framework bears a negative
charge and charge-compensating cations must occupy the
interstitial voids. Under certain synthetic conditions, PB forms
stable colloidal suspensions in water. This subset of PB is often
called “soluble Prussian blue” (sPB) because these compounds
form stable colloidal suspensions of nanoscopic particles in
water. Other forms of PB balance the charge of the iron cations
and cyanides through the introduction of vacancies in the
hexacyanoferrate sites.15 These charge-balanced frameworks do
not form stable colloidal suspensions and have been described

as “insoluble Prussian blue” (iPB). Both frameworks contain
interstitial water molecules, although the schematic represen-
tation in Figure 1 only shows those coordinated to Fe(III)
centers in sPB for clarity. The Fe(II) and Fe(III) sites in PB
are redox-active and their redox chemistry is accompanied by
cation-intercalation/deintercalation.16

PB has been extensively studied in heterogeneous films and
composite electrodes. These studies have focused on PB’s
structural,17 electrochemical,18 magnetic,19 electrochromic20

properties, as well as on different applications of PB in
catalysis,21 electrochemical energy storage22 sensing,23 and
selective adsorption.24 Nonetheless, little has been reported to
date on the ability to access the redox chemistry of PB colloids.
A recent study by Holdynski et al. reports on the electro-
chemistry of suspended PB nanoparticles using a rotating disk
electrode, where sequential injections of PB yield stepwise
increases in steady-state current flow.25 In another study,
Cisternas et al. observe suspended PB forming a film on an
electrode surface during cyclic voltammetry experiments.26

In this study, we explored the electrochemical behavior of
aqueous PB colloids as well as CuPBA. We further modified
these materials by introducing amines that caused a range of
effects depending on the parent structure and the amine,
including precipitation, dissolution to monomeric coordination
complexes, topological rearrangement to alternative coordina-
tion polymers, and in one case, a redox-active suspension,
although under these conditions, the material rapidly
precipitated.

■ EXPERIMENTAL SECTION
Safety Note. Although the cyanide ligands in PB and CuPBA are

generally inert, under acidic conditions, these materials can evolve
HCN, for instance, during acid-digestions for analysis. Thus, these
materials are most safely handled in small amounts in a fume hood
and care must be taken to avoid the introduction of acid.

Materials. Potassium ferricyanide 99 + % (Acros Organics),
potassium ferrocyanide 99 + %, cupric nitrate 2.5 hydrate (J.T.
Baker), propylamine 99 + % (Acros Organics), ethylenediamine 99%
(Alfa Aeser), and N,N,N′,N′-tetramethylethylenediamine 99% (Alfa
Aeser). All chemicals, reagents, and solvents were used without
further purification unless otherwise specified. Milli-Q water with a
resistivity of 18.2 MΩ was purified from a Milli-Q Gradient A10 water
purification system.

Characterization. Fourier transform infrared (FTIR) spectra
were acquired from a PerkinElmer 1760 FTIR spectrometer with
attenuated total reflectance (ATR) using powdered samples. ATR and
baseline corrections were done for all measurements. Powder X-ray
diffraction (PXRD) patterns were collected from a Rigaku Ultima IV
X-ray diffractometer equipped with a Cu source and operated at 1.76
kW power (40 kV, 44 mA). Diffraction patterns were measured over a
2θ range of 5°−80° at a scan rate of 2°min−1. Single crystal X-ray
diffraction (SXRD) data were collected on a Rigaku XtaLAB Synergy
diffractometer with a PhotonJet Cu microfocus source, HyPix-
6000HE Hybrid Photon Counting (HPC) detector, and an Oxford
800 cryostream at 100 K. Structure solution was performed using
SHELXT on Olex2 software package. Scanning electron microscopy
(SEM) images were acquired using a Carl Zeiss AURIGA electron
microscope. All samples imaged with SEM were gold-coated with
using a sputter coater system (SPI Module) for 30 s. UV−visible
spectra were obtained using an Agilent Cary 8454 UV−visible
spectrophotometer and a quartz cell with a 1 cm path length. Fe−Cu
ratios of CuPBA and ([Cu(en)2]m+/[Fe(CN)6]n−]) were measured
using a ThermoElectron X Series 2 inductively coupled plasma mass
spectrometry (ICP-MS). For sample digestion, 2.8 mg of CuPBA and
1.33 mg of [Cu(en)2]m+/[Fe(CN)6]n− were dissolved separately in 5
mL of Milli-Q water. Each sample (10 μL) was added to separate 1-

Figure 1. Synthetic routes to insoluble and soluble PB, which differ in
their ability to form colloidal suspensions in water and 1 M KCl
solutions.
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dram vials along with 990 μL of 50:50 (v/v) metal-free HNO3−H2O
mixture and left for 4 days at room temperature. They were then
diluted to 10 mL, giving a 2% HNO3 final concentration. Calibration
curves were prepared from 0−100 ppb for Fe and 0−150 ppb for Cu
standards for quantification. Cobalt was used as the internal standard.
The PlasmaLab software was used for data analysis.
Electrochemical Characterization. All electrochemical experi-

ments were carried out at room temperature following a 20-minute
nitrogen purge. A BioLogic SP-200 potentiostat/galvanostat and the
EC-Lab software were used for data collection. Cyclic voltammetry
(CV) experiments were recorded using a 3.0 mm diameter glassy
carbon (CH instruments, USA) or an FTO glass (50 mm × 10 mm ×
2.2 mm, Millipore Sigma) working electrode, an Ag/AgCl (3 M KCl)
reference electrode (Pine research, USA), and a platinum wire
counter electrode (CH instruments, USA). Cyclic voltammograms
were carried out in 8 mL of 1 M potassium chloride (LabChem)
solutions in Milli-Q water or pH 4 buffer solutions of potassium
hydrogen phthalate (J.T. Baker). Current responses were converted to
current densities using the geometric surface areas of the electrodes.
All bulk electrolysis experiments were carried out in a glass H-cell
(Adams and Chittenden, USA) with the two compartments separated
by a glass frit (porosity 10−16 μm). Each compartment was filled
with 15 mL of solution. The working electrode was either a 3.0 mm
glassy carbon disk, a graphite felt (10 mm × 10 mm × 3 mm, Fuel
Cell Store), or a section of FTO glass (50 mm × 10 mm × 2.2 mm,
Millipore Sigma). An Ag/AgCl (3 M KCl) reference electrode was
placed in the same compartment as the working electrode and a
platinum wire counter electrode in the opposite compartment
completed the three-electrode configuration. The potential was held
at 0.4 V vs Ag/AgCl (3 M KCl) for the bulk reduction of CuPBA and
solutions were stirred throughout.

Heterogeneous films for CV studies were prepared following a
literature procedure.27 Carbon black (Beantown Chemical) (5.4 mg),
10 mg of the active material ([Cu(en)2]m+/[Fe(CN)6]n− or TMEDA-
CuPBA), 100 μL of ethanol, and 500 μL of methylene chloride were
mixed and sonicated for 1 h. Next, the solvent was evaporated and 70
μL of Nafion dispersion (5% w/w in water/1-propanol mixture,
Beantown Chemical) and 600 μL of ethanol were added and
sonicated for 1 h. Then, two 2 μL aliquots of the ink were pipetted
onto a glassy carbon electrode (the second drop was added after the
first drop dried completely) and allowed to air-dry before running CV
experiments.
Synthesis of iPB. The synthesis of iPB was adapted from a known

procedure.22a FeCl3•6H2O (0.2703 g, 1.000 mmol) was added to 20
mL of Milli-Q water. This solution was added dropwise into an 80 mL
aqueous solution of K4[Fe(CN)6]•3H2O (0.2114 g, 0.5004 mmol)
while stirring. The dark blue solution obtained was stirred for 2 more
hours and allowed to sit for 24 h at room temperature. The resulting
dark blue precipitate was collected by centrifugation and washed
thoroughly with Milli-Q water and ethanol. The solid was dried under
vacuum at 80 °C for 16 h and stored in a desiccator. The final product
was characterized by PXRD and SEM.
Synthesis of sPB. The synthesis of sPB followed a modified

procedure from the literature.22a A 20 mL aqueous solution of
FeCl3•6H2O (135.2 mg, 0.5002 mmol) was added dropwise into a 20
mL aqueous solution of K4[Fe(CN)6]•3H2O (211.3 mg, 0.5004
mmol) while stirring. The dark blue mixture was stirred for 2 more
hours and allowed to sit for 24 h at room temperature. The solvent
was removed using rotary evaporation. The solid was dried under
vacuum at 80 °C for 16 h and stored in a desiccator. The final product
was characterized by PXRD and SEM.
Synthesis of CuPBA. CuPBA was synthesized by a co-

precipitation method adapted from a reported procedure.28 Aqueous
solutions (48 mL each) of Cu(NO3)2•2.5H2O (1116.6 mg 4.801
mmol, 0.1 M) and K3[Fe(CN)6] (790.5 mg, 2.400 mmol, 0.05 M)
were simultaneously added dropwise into 24 mL of Milli-Q water
while stirring. The resulting brown colloidal suspension was sonicated
for 20 min and allowed to sit for 6 h. The product was collected by
centrifugation and washed three times with Milli-Q water. It was then

dried under vacuum at room temperature and stored in a desiccator.
The product was characterized by PXRD, SEM, and FTIR.

Surface Modification of CuPBA with Amines. Surface
modification was carried out by adapting a reported procedure.12

Forty-two milligrams (0.13 mmol of Cu based on the nominal
formula KCu[Fe(CN)6] of CuPBA) were combined with 1 mL of
Milli-Q water and sonicated, then stirred until no more solid particles
were observed at the bottom of the reaction vessel when allowed to
stand for a few seconds. A 1:10 v/v mixture of the amine (18.2 mmol,
∼1.5 mL) and n-butanol was added to the CuPBA dispersion, and the
reaction mixture was stirred for 24 h, during which time it turned
purple. The product, a purple solid, was collected by centrifugation,
washed with diethyl ether three times, and dried under vacuum at
room temperature. The product was characterized by FTIR and
PXRD.

Synthesis of [Cu(OH2)Cl(en)2]Cl. The synthesis was adapted
with slight modifications from a previous procedure.29 CuCl2•2H2O
(735.3 mg, 5.002 mmol) was dissolved in 5 mL of Milli-Q water.
Ethylenediamine (0.674 mL, 10.0 mmol) was added dropwise into
the CuCl2 solution and the purple reaction mixture was stirred
overnight at room temperature. Dark purple needle-like crystals were
obtained by adding the mixture dropwise into a mixture of ethanol
and ether. The product was characterized by SXRD and the unit cell
data matched a previously reported structure with the given formula.

■ RESULTS AND DISCUSSION
Prussian Blue. The syntheses of sPB and iPB were

straightforward and carried out using a 1:1 or 2:1 ratio of the
Fe(III) precursor to [Fe(CN)6], respectively.

15 In the PXRD
pattern of iPB, we observed matches that are reported in the
literature. The PXRD data for sPB are similar but contains
additional peaks that correspond to KCl that forms as a
byproduct from the synthesis (see Figure S1).22a SEM images
and DLS data confirmed that both iPB and sPB have particle
sizes in the nano-range (∼60 nm, see Figures S2 and S3). The
photographs in Figure 1 show that the as-synthesized sPB
readily forms suspensions, in contrast to iPB.
CV was used to study the redox reactivity of sPB and iPB

suspensions. Most of the iPB did not disperse in 1 M KCl and
settled at the bottom of the cell, as shown in Figure 1. We were
unable to observe any redox signal for suspensions of iPB (see
Figure S4) despite the fact that immobilized PB has two
characteristic redox events, one for each of the distinct Fe
centers. sPB did form a stable colloidal suspension, as
evidenced by its uniform and intense blue appearance, but
we again did not observe any redox signal attributable to
framework Fe. Instead, the redox response of sPB suspensions
(Figures S4 and S5) was assigned to a mixture of residual
Fe(II) and Fe(III) [Fe(CN)6]n− monomers that could not be
easily separated from the sPB.

CuPBA. Since no redox response was observed for
suspended sPB, we were curious if related frameworks may
behave differently. Thus, we synthesized the Cu analogue for
subsequent investigations. The redox behavior of a colloidal
suspension of CuPBA in a 1 M KCl solution was studied using
CV. Two redox events corresponding to Fe(III/II) and Cu(II/
I) were observed (see Figure 2). The response observed was
similar to those reported in the literature for CuPBA in
heterogeneous films.30 The Fe(III/II) redox couple with an
E1/2 of 0.748 V vs Ag/AgCl (3 M KCl) is the redox event of
focus when CuPBA is used in battery applications.28

Upon further investigation, the redox responses of the
CuPBA were found to result from a thin film that formed on
the electrode surface. The presence of a film was confirmed
after rinsing a glassy carbon working electrode with fresh
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electrolyte solution, after running a CV in a suspension of
CuPBA. The electrode was then placed in fresh 1 M KCl
solution and another CV was collected. Although no film was
apparent by visual inspection, a CV in 1 M KCl with no
CuPBA showed a redox response (see inset of Figure 2),
suggesting that a very thin layer of redox-active CuPBA still
remained on the electrode surface.
It has been established that the voltammetric peak current

for an immobilized film tends to increase linearly with the scan
rate, whereas voltammograms that depend on diffusive
reactant/product transport will vary linearly with the square
root of the scan rate.31 Figure S8 shows that for our CuPBA
film, the current response is more linear when plotted against
the square root of the scan rate. We ascribe this response to the
diffusion/intercalation of potassium ions that occurs when the
film is redox-cycled rather than diffusion of the colloidal
particles in solution. Bulk electrolysis experiments carried out
at 0.4 V vs Ag/AgCl on the film take only seconds to plateau to
negligible steady-state current, indicating that redox chemistry
is largely confined to the surface and does not extend to the
bulk solution (see Figure S9).
Upon extended CV cycling of a glassy carbon electrode in

CuPBA suspension, we further observed a progressive increase
in current response attributable to the Fe(III)/Fe(II) redox

Figure 2. Cyclic voltammogram of a 10 mg/mL CuPBA suspension in
1 M KCl at 100 mV/s. Inset: Cyclic voltammograms in 1 M KCl show
the film formation by suspended CuPBA in 1 M KCl on a glassy
carbon working electrode, in the presence (solid line) and absence
(dashed line) of a potential. The open circuit potential and scanning
direction is shown by the arrowhead.

Figure 3. CuPBA synthesis and its surface modification using propylamine (pa), ethylenediamine (en), and tetramethylethylenediamine (TMEDA)
along with subsequent transformations of these materials/compounds.
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couple with each cycle. Since we do not see any significant
charge transfer to/from the bulk suspension, we conclude that
this increased signal is due to growth in film thickness that
increases the number of immobilized Fe sites. We explored this
further on FTO electrodes as discussed below.
The formation of films from suspended PB has been

observed before; however, notably, those films only start to
show redox response after multiple cycles or on rotating
electrodes that faciliate mass transport, whereas we see the
CuPBA response on the very first CV sweep.25,26 Similarly,
when a glassy carbon electrode was immersed in a CuPBA
suspension in 1 M KCl for 60 s without any bias and a
subsequent CV was run in fresh solution, a redox response
consistent with a film was observed (see inset of Figure 2).
Makowski et al. reported a similar CuPBA film formation by
dipping a glassy carbon electrode in a solution containing
K3[Fe(CN)6], CuSO4, and K2SO4 for 1 h.30b As seen in both
the cyclic voltammograms in the inset of Figure 2, the open
circuit potential (OCP) shows that there is a partial reduction
of Fe(III) into Fe(II) in the CuPBA film. Oxidized CuPBA can

promote water oxidation at this pH, resulting in partial
reduction of the material.32

We also studied CuPBA film formation on an FTO electrode
surface to facilitate ex-situ electron microscopy. Using an FTO
electrode as the working electrode, two bulk electrolysis
experiments were carried out over 10 min and 5 h, respectively
(Figure S10). Our objective was to observe the dependence of
the film thickness on the time of exposure. Postelectrolysis, the
FTO electrode was rinsed with Milli-Q water and allowed to
dry prior to SEM analysis. As shown in Figure 4A,B, the
thicknesses of the films were approximately 350 and 1000 nm
for 10 min and 5 h of bulk electrolysis, respectively. The rate of
increase in film thickness therefore decreases with time,
suggesting that the electrode surface is passivated by film
formation. No film formation was observed by SEM when the
electrode was simply dipped in a suspension of CuPBA in 1 M
KCl, as shown in Figure 4C,D. Nonetheless, independent CV
experiments (Figure 4E,F) did indicate that a CuPBA film does
form on FTO upon completing a single CV sweep or simply
dipping the electrode in CuPBA suspension. In both cases,

Figure 4. SEM of an FTO electrode cross-section after performing bulk reduction of a CuPBA suspension at 0.4 V vs Ag/AgCl for (A) 10 min and
(B) 5 h. (C) and (D) FTO surface dipped in a CuPBA suspension in 10 min and 5 h, respectively. (E) Cyclic voltammograms in a 1 M KCl
solution using a FTO working electrode after running a CV in a CuPBA suspension and (F) after dipping the FTO electrode for 60 s in a CuPBA
suspension. Open circuit potential marked by arrowheads.

Figure 5. (A) PXRD of CuPBA before and after modification with propylamine, (B) cyclic voltammograms of a suspension of [CuaFebpax]n in 1 M
KCl, and (C) of the electrode after washing and replacing with electrolyte solution containing no CuPBA,
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CVs in fresh KCl (aq) showed a redox event with an E1/2 of
0.75 V vs Ag/AgCl. We also observe a difference in OCP
between these two electrodes which suggests that the film
exposed to a CV cycle during deposition contains more Fe(III)
ions.
[CuaFebpax]n. To prevent film formation, we hypothesized

that the modification of the PBA surface may disrupt
aggregation of the particles. Thus, we exposed CuPBA to
each of three amines, as shown in Figure 3. Propylamine was
our first choice as a surface modifying ligand as there is a
reported procedure using propylamine to make dispersible
PB.12

PXRD data showed that the initial CuPBA structure was lost
after propylamine modifications (Figure 5A). The resulting
[CuaFebpax]n material formed a purple-colored suspension in
both water and 1 M KCl solution after sonication. However,
within a period of 30 min in 1 M KCl, this [CuaFebpax]n
started to precipitate and the color changed from purple to
brown, as shown in Figure 5B. As expected, the CV showed no
evidence for CuPBA and instead showed a redox response that
corresponded to [Fe(CN)6]4−. Figure 5B also shows how the
current response for [Fe(CN)6]4− increased from 0 min
(immediately after mixing) to 20 min and did not vary as much
thereafter. After 60 min, all the materials precipitated, and
there was no evidence for film formation on the glassy carbon
working electrode (Figure 5C).
[Cu(en)2]m+/[Fe(CN)6]n−. To assess whether a chelating

amine would show similar behavior to propylamine, we also
treated CuPBA with ethylenediamine. Here too, the PXRD
data showed that the CuPBA framework did not persist. Unlike
in the case of propylamine, this modified material remained
well dispersed in 1 M KCl, giving rise to a clear purple-colored
solution (see Figure S13). Subsequent experiments on this
material established that the ethylenediamine prompts the
formation of a mixture of mononuclear Cu and Fe complexes,
which we abbreviate as [Cu(en)2]m+/[Fe(CN)6]n−.
To establish this chemistry, we carried out CV studies of

[Cu(en)2]m+/[Fe(CN)6]n− that showed a diagnostic redox
response corresponding to [Fe(CN)6]4− (Figure 6). Diffusion
coefficients were calculated using the Randles−Sevcik equation
along with data from a scan rate study for both [Cu(en)2]m+/
[Fe(CN)6]n− and K4[Fe(CN)6] (Figure S14 and Table S1). If
the reaction runs for lesser than 24 h, this material can be
isolated in the [Fe(CN)6]3− state (Figure S15). Longer
reaction times result in more [Fe(CN)6]4−.
To elucidate the coordination environment of Cu, a bis-

ethylenediamine Cu complex was synthesized from hydrated
CuCl2 and ethylenediamine. The unit cell data obtained from
single crystals of this complex matched with that for the
reported structure of[Cu(OH2)Cl(en)2]Cl. An aqueous
solution of this complex possessed the same purple color as
([Cu(en)2]m+/[Fe(CN)6]n− in 1 M KCl (see Figure S13).
UV−visible spectroscopy provided further evidence that
surface modifications with ethylenediamine ultimately deliver
Cu and Fe mononuclear complexes (see Figure 7). The
spectral features of an aqueous mixture of the two
mononuclear complexes, K4[Fe(CN)6] and [Cu(OH2)Cl-
(en)2]Cl, were very similar to those of [Cu(en)2]m+/[Fe-
(CN)6]n− in 1 M KCl solution.33

When [Cu(en)2]m+/[Fe(CN)6]n− is dissolved in Milli-Q
water and allowed to sit at room temperature, within several
days, brown crystals were observed. The solved structure was
of a 1D polymer chain (Cu2Fe-1D) with a Cu(II) and Fe(II)

Figure 6. (top) PXRD of CuPBA before and after modification with
ethylenediamine, cyclic voltammograms of 1 mg/mL. (bottom)
[Cu(en)2]m+/[Fe(CN)6]n− and K4[Fe(CN)6] in 1 M KCl at 100 mV/
s.

Figure 7. UV−vis spectra of [Cu(en)2]m+/[Fe(CN)6]n− in 1 M KCl
compared to aqueous solutions of mononuclear complexes K4[Fe-
(CN)6] and [Cu(OH2)Cl]Cl.
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ratio of 2:1 (Figure 8). This material was independently
prepared from monomers as reported by Luo et al., following a
unique synthesis summarized in Figure 3 as route i.34 We were
also able to obtain the same crystal structure from a third route
using an aqueous mixture of the mononuclear complexes
K4[Fe(CN)6] and [Cu(OH2)Cl(en)2]Cl (Figure 3, route iii).
Similar to the conversion of Fe(III) in the original CuPBA
structure to Fe(II) in the [Cu(en)2]m+/[Fe(CN)6]n− and
thereby in Cu2Fe-1D, this previous report also contains Fe(II)
in the 1D polymer chain despite starting with K3[Fe(CN)6].
This reduction has also been observed for other reactions using
ferrocyanide with Cu and even Ni mononuclear complexes.35

The exact reason for this reduction is unclear. One report
implicates the aqueous medium, while another invokes free
cyanide from ferrocyanide, reducing Cu(II) centers into Cu(I),
which in turn reduce [Fe(CN)6]3− to [Fe(CN)6]4−.35b,36 In
addition, the FTIR spectrum of [Cu(en)2]m+/[Fe(CN)6]n−

showed a single CN stretch, while that of Cu2Fe-1D showed
two, which can be attributed to the local D4h symmetry at the
Fe centers in the 1D polymer chain, whereas hexacyanoferrate
has a local Oh symmetry (Figure S16).
[Cu(en)2]m+//[Fe(CN)6]n− was immobilized with carbon

black and Nafion to probe the redox response of the material

in a heterogeneous film. As shown in Figure S17, the redox
response was similar to that of [Fe(CN)6]4−. The current
response decreased with each cycle, which is consistent with
the active material dissolving back into the aqueous supporting
electrolyte solution. Additionally, the crystals dissolve in water
to give a bright purple solution when KCl is added. ICP-MS
analysis showed that the Fe−Cu ratio was similar in CuPBA
and [Cu(en)2]m+/[Fe(CN)6]n− (1.1 and 1.2 respectively).

TMEDA-CuPBA. Since the functionalization of PB with
amines tended to result in decomposition, we wondered if our
first two amines were simply too effective as ligands for Cu. As
such, we wanted to attenuate the donor properties of the
amine and decided to try tetramethylethylenediamine. PXRD
data showed that with TMEDA, the CuPBA network structure
remained intact unlike with propylamine and ethylenediamine
(Figure 9A). Similar to [CuaFebpax]n, the TMEDA-CuPBA
suspension in 1 M KCl also showed a color change from dark
purple to dark brown within a period of 30 min but did not
precipitate to the same extent (Figure S19). If KCl was not
present, the TMEDA-CuPBA remained suspended and no
color change was observed. Since the changes with KCl were
slow, we were able to investigate the initial functionalization
product by CV (see Figure S19). We observed a response

Figure 8. Crystal structure of the 1D polymer chain (Cu2Fe-1D) formed from standing aqueous solutions of [Cu(en)2]m+/[Fe(CN)6]n−.

Figure 9. (A) PXRD of CuPBA and TMEDA-CuPBA. (B) CV of TMEDA-CuPBA (cycle 2) immobilized into a C black/Nafion film with 1 M KCl
as the supporting electrolyte at 100 mV/s. (C) CV of 1 mg/mL TMEDA-CuPBA suspension in pH 4 buffer containing potassium hydrogen
phthalate at 100 mV/s (cycles 2, 5, 10, and 25 are shown) and CV after rinsing the working electrode and placing in a fresh buffer solution
containing no TMEDA-CuPBA.
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consistent with [Fe(CN)6]3−. Although the electrode had no
apparent change in appearance after 25 cycles, it was placed in
a CuPBA-free fresh electrolyte solution to check for a response
that would indicate a persistent film. A redox response was
observed for Fe(III/II) in CuPBA and it decreased in intensity
with each cycle (see Figures S20 and S21). If the material that
precipitated was collected by centrifugation, dried, and
immobilized in a carbon black/Nafion film, we observed the
same redox response as that observed for Fe(III/II) couple in
CuPBA (see Figure 9B). The PXRD data for the material that
deposits show the same features as the data for samples of as-
prepared CuPBA, supporting that the framework is preserved
(see Figure S22). Reports show that CuPBA is prone to
decomposition at higher pH values.37 Therefore, we explored if
a lower pH had any influence of colloidal stability and/or
redox activity by carrying out CV experiments at pH 4 using a
buffer solution of potassium hydrogen phthalate. Under these
conditions, the colloid is prone to aggregate over the course of
∼15 min, which is much faster than the aggregation that occurs
in 1 M KCl. Although not stable, we notably observed a redox
response for the Fe(III/II) associated with the CuPBA
network, along with some signals from [Fe(CN)6]3− (see
Figure 9C). While the redox response for [Fe(CN)6]3−

remained constant throughout 25 cycles, the current response
for Fe(III/II) from CuPBA decreased with each cycle, as may
be expected if the redox-active material is no longer well-
suspended, whereas the [Fe(CN)6]3− remains dissolved. When
the glassy carbon working electrode was rinsed and placed in
fresh buffer solution with no TMEDA-CuPBA present, no
significant response was observed. This supports that the
Fe(III/II) response from TMEDA-CuPBA in pH 4 buffer is
caused by the bulk suspension and not from a film, which
would have persisted in the fresh electrolyte control experi-
ment.
These results suggest that (1) the TMEDA does not cause

the CuPBA network to decompose; (2) over time in KCl,
some Fe monomer is extracted, perhaps due to stabilization of
monomers by chloride; (3) the TMEDA-CuPBA appears to be
redox-active in 1 M KCl but electron transfer again occurs only
once it is affixed to the electrode; (4) colloidal TMEDA-
CuPBA is redox-accessible at pH 4, but the colloidal stability
suffers under these conditions.

■ CONCLUSIONS
We hypothesized that solubilized PB may be redox-active in
suspensions and thus a candidate as the active species for flow
battery applications. However, the lack of redox response from
insoluble and soluble PB prompted us to study its Cu
analogue. The redox response we saw for a suspension of
CuPBA in 1 M KCl was a result of a film adsorbed on to the
electrode surface, rather than from freely diffusing CuPBA
nanoparticles. The film formation on electrodes was further
confirmed by bulk electrolysis experiments and SEM.
Functionalization of the nanoparticles was explored as a
method to prevent film formation of CuPBA. Propylamine
modification caused the CuPBA to lose its network structure,
confirmed by PXRD, and the redox response observed
corresponded to hexacyanoferrate(II) and not to CuPBA.
When ethylenediamine was used, the CuPBA network
structure dissociated, resulting in a mixture of Cu and Fe
mononuclear complexes ([Cu(en)2]m+/[Fe(CN)6]n−), and in
the absence of chloride, a 1D polymer chain formed. When
TMEDA was used, the CuPBA network was preserved.

Although electron transfer to or from bulk suspensions of
TMEDA-CuPBA in 1 M KCl was not observed, immobilized
films of this material were redox-active. Under buffered pH 4
conditions, the TMEDA-CuPBA colloid had a redox response
we attribute to the Fe(III/II) couple, although the suspension
did not remain well dispersed for longer than 15 min. Since we
were able to identify an amine modification that maintained
the framework and that pH plays a role in the redox activity,
work is ongoing to exploit this strategy and to better
understand the role of counterions and supporting electrolyte
on charge transfer in these systems.
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